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Hignalling  (Art.  508)  the  resistance  and  electrostatic  capa- 
city of  the  cable  have  to  be  met  by  balancing  against 
them  an  ^'artificial  cable  "  consisting  of  a  wire  of  equal 
resistance,  combined  with  a  condenser  of  equal  capacity. 
Messrs.  Muirhead  constructed  for  duplexing  the  Atlantic 
cable  a.  condenser  containing  100,000  square  feet  (over 
two  acres  of  surface)  of  tinfoil.  Condensers  are  also 
occasionally  used  on  telegraph  lines  in  single  working  to 
obviate  disturbances  from  earth  currents.  They  are  con- 
atmcted  by  placing  sheets  of  tinfoil  between  sheets  of 
mica  or  of  paraffined  paper,  alternate  sheets  of  foil  being 
connected  together.  The  paper  is  the  finest  bank-wove, 
carefully  selected  to  be  free  from  minute  holes.  Two 
thicknesses,  diawn  through  a  bath  of  the  purest  paraffin 
wax  heated  till  it  meltj,  are  laid  between  each  foil  and 
the  next;  care  being  taken  to  exclude  air  babbles.  When 
a  sufficient  number  have  been  assembled  hot  thsy  are  put 
under  pressure  to  cool,  and  afterwards  adjusted.  Small 
condensers  of  similar  construction  are  used  in  connexion 
with  induction  coils  (Fig.  135). 

303-  Practical  Unit  of  Capacity.  —  Electricians  adopt 
a  viiil  of  capacity,  termed  one  farad,  based  on  the  system 
of  electromagnetic  units.      A  condenser  of  one  farad 
capacity  would  be  raised  to  a  po- 
tential of  one  volt  by  a  charge  of 
one  coulomb  of  electricity.*     In 
practice  such  a  condenser  would  be 
too  enormous  to  be  constmcted ; 
the  eaith   itself,  as    an  isolated 
'    sphere,   has    a   capacity   of    only 
rriJiTTr  °^  ^  farad.     As  a  practical 
II  ji  r'f  of  capacity  is  therefore  chosen 
^''  the  microfarad,  or  one   millionth 

of  a  farad ;  a  capacity  about  equal  to  that  of  three  miles 
of  an  Atlantic  cable.  Condensers  of  only  J  microfarad 
capacity  are  about  equal  to  one  nautical  mile  of  cable. 
They   contain   about   1200   square   inches   of  foil.     The 
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dielectric  in  them  is  usually  mica,  in  thin  sheets.  Their 
general  form  is  shown  in  Fig.  159.  The  two  brass  pieces 
upon  the  ebonite  top  are  connected  respectively  with  the 
two  series  of  alternate  sheets  of  tinfoil.  The  plug  between 
them  serves  to  keep  the  condenser  discharged  when  not 
in  use. 

Methods  of  measuring  the  capacity  of  a  condenser 
are  given  in  Art.  418. 

304.  Formulae  for  Capacities  of  Conductors  and 
Condensers.  —  The  following  formulaj  give  the  capacity 
of  condensers  of  all  ordinary  forms,  in  electrostatic 
units :  — 

Sphere:  (radius  =  r.     See  Art.  271). 

K  =  r. 
Two  Concentric  Spheres:  (radii  r  and  r',  dielectric 
capacity,  k). 

K  =  k 


rr' 


r'  —  r 


Cylinder:  (length  =  /,  radius  =  r). 

K=-I-. 

2  log/- 
r 

Two   Concentric  Cylinders:    (length  =  /,   dielectric 
capacity  =  k,  internal  radius  =  r,  external  radius 


K  =  ifc 


2%,^ 


Circular  Disk:  (radius  =  r,  thickness  negligible). 

K  =  2  r/TT. 
Two  Circular  Disks:  (like  air  condenser,  Art.  56, 
radii  =  r,  surface  =  8,  thickness  of  dielectric  =  6, 
dielectric  capacity  =  ^)- 

K  =  il7V4  6, 
or  K  =  ilS/4  irh. 
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PREFACE 

These  Elementary  Lessons  have  now  been  largely  re- 
written. The  considerable  changes  made  have  been 
necessitated  not  only  by  the  progress  of  the  science  but 
by  the  piracy,  covert  as  well  as  open,  to  which  since  its 
appearance  in  1881  the  book  has  been  subjected. 

In  the  thirteen  years  which  have  elapsed  much  addi- 
tion has  been  made  to  our  knowledge,  and  many  points 
then  in  controversy  have  been  settled.  The  system  of 
electric  units,  elaborated  first  by  the  British  Association 
and  subsequently  in  several  International  Congresses,  is 
now  legalized  in  the  chief  civilized  countries.  New  mag- 
netic surveys  —  in  England  by  Thorpe  and  Riicker,  in 
the  United  States  under  Mendenhall  —  have  enabled  new 
magnetic  charts  to  be  prepared  for  the  epoch  1900  a.d. 
The  researches  of  Ewing,  Hopkinson,  and  others  on  the 
magnetic  properties  of  iron,  and  the  general  recognition 
of  the  principle  of  the  magnetic  circuit,  have  advanced 
the  science  of  magnetism,  to  which  also  E wing's  molecu- 
lar theory  has  given  an  added  interest.  The  properties 
of  alternate  currents,  of  which  in  1881  little  was  known, 
have  been  forced  into  study  by  the  extension  of  their 
industrial  uses  in   telephony  and  in  electric  lighting. 
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Entirely  new  is  the  use  of  polyphase  alternate  currents 
and  rotatory  magnetic  fields  for  the  electric  transmission 
of  power.  Transformers  have  come  into  extensive  em- 
ployment for  the  distribution  at  low-pressure  of  electric 
energy  which  has  been  transmitted  from  a  generating 
station  at  high-pressure.  Accumulators  for  the  storage 
of  electric  energy  have  become  of  great  commercial  im- 
portance. Electric  lamps,  large  and  small,  illuminate  in 
millions  our  cities,  towns,  villages  and  ships.  Electric 
currents  for  lighting  and  power  are  now  supplied  publicly 
on  a  very  large  scale  from  central  stations  operated  by 
steam  or  water  power.  Supply-meters  are  in  regular  use, 
and  measuring  instruments  of  many  forms  have  come 
into  the  market. 

Along  with  these  advances  in  practice  there  has  been 
a  no  less  striking  progress  in  theory.  The  ideas  of  Fara- 
day, as  enlarged  and  developed  by  Clerk  Maxwell,  were 
in  1881  only  beginning  to  be  understood  and  appreciated 
outside  a  narrow  circle.  In  1894,  thanks  largely  to  the 
labours  of  Heaviside,  Hertz,  Lodge,  Poynting,  Fitzgerald, 
Boltzniann,  Poincar^,  and  others,  they  are  everywhere 
accepted.  In  1881  Maxwell's  electromagnetic  theory  of 
light  —  a  conception  not  less  far-reaching  than  the  theory 
of  the  conservation  of  energy  —  was  deemed  of  doubtful 
probability :  it  was  not  yet  accepted  by  such  great  masters 
as  Lord  Kelvin  or  Von  Helmholtz.  Though  adopted  by 
the  younger  generation  of  British  physicists,  it  needed  the 
experimental  researches  of  Hertz  and  of  Lodge  upon  the 
propagation  of  electric  waves  to  demonstrate  its  truth  to 
their  brethren  in  Germany,  France,  and  America.  Even 
now,  after  the  most  convincing  experimental  verifications 
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of  Maxwell's  splendid  generalization  that  light-waves  are 
really  electric  waves,  many  of  the  logical  consequences  of 
Maxwell's  teaching  are  still  ignored  or  misunderstood. 
It  is  still,  to  many,  a  hard  saying  that  in  an  electric 
circuit  the  conducting  wire  though  it  guides  does  not 
carry  the  energy  j  that  the  energy-paths  lie  outside  in 
the  surrounding  medium,  not  inside  within  the  so-called 
conductor.  That  the  guttapercha  sheath,  and  not  the 
copper  wire  within  it,  is  the  actual  medium  which  con- 
veys the  impulse  from  one  side  of  the  Atlantic  to  the 
other  in  cable-telegraphy,  is  still  incredible  to  those 
brought  up  in  the  older  school  of  thought.  But  it  is 
none  the  less  a  necessary  consequence  of  the  views  which 
the  inescapable  logic  of  facts  drove  Maxwell  and  his 
followers  to  adopt. 

This  expansion  of  the  science  and  of  its  practical 
applications  has  rendered  more  difficult  than  before  the 
task  of  presenting  with  sufficient  clearness,  yet  with 
necessary  brevity,  an  elementary  exposition  of  the  lead- 
ing phenomena,  and  of  their  relations  to  one  another. 

The  author  is  under  obligations  to  many  scientific 
friends  for  data  of  which  he  has  made  use.  He  is  under 
special  obligations  to  his  assistant,  Mr.  Miles  Walker,  for 
indefatigable  proof-reading  and  revision  of  the  Problems 
and  Index. 


London,  September  1894. 
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ELEMENTAEY  LESSONS 

ON 

ELECTRICITY  &  MAGNETISM 
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CHAPTER  I 

FRICTIONAL    ELECTRICITY 

Lesson  I. — Electric  Attraction  and  Repulsion 

1.  Electricity.  —  Electricity  is  the  name  given  to  an 
invisible  agent  known  to  us  only  by  the  effects  which  it 
produces  and  by  various  manifestations  called  electrical. 
These  manifestations,  at  first  obscure  and  even  mysterious, 
are  now  well  understood ;  though  little  is  yet  known  of 
the  precise  nature  of  electricity  itself.  It  is  neither 
matter  nor  energy ;  yet  it  apparently  can  be  associated 
or  combined  with  matter;  and  energy  can  be  spent  in 
moving  it.  Indeed  its  gi-eat  importance  to  mankind 
arises  from  the  circumstance  that  by  its  means  energy 
spent  in  generating  electric  forces  in  one  part  of  a  system 
can  be  made  to  reappear  as  electric  heat  or  light  or  work 
at  some  other  part  of  the  system ;  such  transfer  of  energy 
taking  place  even  to  very  great  distances  at  an  enor- 
mous speed.  Electricity  is  apparently  as  indestructible  as 
B  1 
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matter  or  as  energy.  It  can  neither  be  created  nor 
destroyed,  but  it  can  be  transformed  in  its  relations  to 
matter  and  to  energy,  and  it  can  be  moved  from  one  place 
to  another.  In  many  ways  its  behaviour  resembles  that 
of  an  incompressible  liquid;  in  other  ways  that  of  a 
highly  attenuated  and  weightless  gas.  It  appears  to  exist 
distributed  nearly  uniformly  throughout  all  space.  Many 
persons  (including  the  author)  are  disposed  to  consider  it 
as  identical  with  the  luminiferous  ether.  If  it  be  not  the 
same  thing,  there  is  an  intimate  relation  between  the  two. 
That  this  must  be  so,  is  a  necessary  result  of  the  great 
discovery  of  Maxwell  —  the  greatest  scientific  discovery  of 
the  nineteenth  century — that  light  itself  is  an  electric 
phenomenon,  and  that  the  light-waves  are  merely  electric, 
or,  as  he  put  it,  electromagnetic  waves. 

The  name  electricity  is  also  given  to  that  branch  of 
science  which  deals  with  electric  phenomena  and  theories. 
The  phenomena,  and  the  science  which  deals  with  them, 
fall  under  four  heads.  The  manifestations  of  electricity 
when  standing  still  are  different  from  those  of  electricity 
moving  or  flowing  along :  hence  we  have  to  consider 
separately  the  properties  of  (i.)  statical  charges,  and  those 
of  (ii.)  currents.  Further,  electricity  whirling  round  or  in 
circulation  possesses  properties  which  were  independently 
discovered  under  the  name  of  (iii.)  magnetism.  Lastly, 
electricity  when  in  a  state  of  rapid  vibration  manifests 
new  properties  not  possessed  in  any  of  the  previous  states, 
and  causes  the  propagation  of  (iv.)  waves.  These  four 
branches  of  the  science  of  electricity  are,  however,  closely 
connected.  The  object  of  the  present  work  is  to  give  the 
reader  a  general  view  of  the  main  facts  and  their  simple 
relations  to  one  another. 

In  these  first  lessons  we  begin  with  charges  of 
electricity,  their  production  by  friction,  by  influei^ce,  and 
by  various  other  means,  and  shall  study  them  mainly  by 
the  manifestations  of  attraction  and  repulsion  to  which 
they  give  rise.     After  that  we  go  on  to  magnetism  and 
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iita,  and  the  relatious  between  them.    The  subject  of 
I   electric  waves  is  briefly  discussed  at  the  end  of  the  book. 
~.  Electric  Attraction.  — 1£  you  take  a  piece  of  seal- 
ax,  or  of  resin,  or  a  glaas  rod,  atid  rub  it  upon  a 
piece  of  flannel  or  silk,  it  will  be  found  to  have  acquired 
a  property  which  it  did  not  previously  possess :  namely, 
the  power  of  attrncting  to  itself  such  light  bodies  aa  chaS, 
I  or  dust,  or  bits  of  paper  (Fig.  1).    This  curious  power 


was  originally  di-^cdv.- ■■■    n   r.ii)^iL'rty  of  amber,  or, 

as  the  Greeks  called  ii,  TjAtKTpov,  wiiiob  is  mentioned  by 
Tbales  of  Miletus  (b.c.  (!(XI),  and  by  Theopbrastus  in  his 
treatise  on  Gems,  as  attracting  light  bodies  when  rubbed. 
Although  an  enornioos  nuiiiTwr  of  substances  possess  this 
property,  amber  aiid  jet  were  the  only  two  in  which  ita 
existence  had  been  recognized  by  the  ancients,  or  even 
down  to  ea  late  a  date  as  the  time  of  Queen  Eli^iabeth. 
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Irks,'  posseBB  the  same  pro- 
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perty.     Ever  since  his  time 
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^    the   name  electricity  f   has 

^M       ^UKB 

9    been  employed  todenote the 

these  phenomena.     Gilbert 
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also  remarked  that  these  ex- 
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periments  are  spoiled  by  the 
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presence  of  moisture. 
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^^^V                   a    silk    handkerchief. 
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^^V                  -will  attract-  the  pith- 
^^H                   ball  strongly,  showing 
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^^H                   fied.     The  most  suit-  1 
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^^H                   of  sealing-wax  is  used. 
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^^B                     will   be   found   to    be 
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that  an  electrified  body  is  itself  attracted  by  one  that 
has  not  been  electrified.  This  may  be  verified  (see 
Fig.  3)  by  rubbing  a  stick  of  Bealing-wax,  or  a  glass 
rod,  and  banging  it  in  a  wire  loop  at  the  end  of  a  silk 
thread.  If,  tben,  the  hand  be  held  out  towards  the 
suspended  electrified  body,  the  latter  will  turn  round 
and  approach  the  hand.  So,  again,  a  piece  of  silk  ribbon, 
if  rubbed  with  ■warm  indiarubber,  or  even  if  drawn 
between  two  pieces  of  warm  flannel,  aod  then  hung  up 
by  one  end,  will  be  found  to  be  attracted  by  objects 
presented  to  it.  If  held  near  the  wall  of  the  room  it  will 
fly  to  it  and  stick  to  it.  With  proper  precautions  it  can 
be  shown  that  bulk  the  rubber  and  the  thing  rubbed  are 
in  an  electrified  state,  for  both  will  attract  light  bodies; 
but  to  show  this,  care  must  be  taken  not  to  handle  the 
rubber  too  much.  Thus,  if  it  is  desired  to  show  that 
when  apiece  of  fur  is  rubbed  upon  sealing-wax,  the  fur 
becomes  also  electrified,  it  is  better  not  to  take  the  fur  in 
the  hand,  but  to  cement  it  to  the  end  of  a  glass  rod  as  a 
handle.  The  reason  of  this  pi'ecaution  will  be  explained 
toward  the  close  of  this  lesson,  and  more  fully  in  Lesson 
IV. 

A  large  number  of  substances,  including  iron,  gold, 
brass,  and  all  the  metals,  when  held  in  the  hand  and 
rubbed,  exhibit  no  sign  of  electrification,  —  that  is  to  say, 
do  not  attract  light  bodies  as  rubbed  amber  and  rubbed 
glass  do.  Gilbert  mentions  also  pearls,  marble,  agate, 
and  ttie  lodeatone,  aa  substances  not  excited  electrically 
by  rubbing  them.  Such  bodies  were,  on  that  account, 
formerly  termed  non-electrics;  but  the  t«rm  is  erroneous, 
for  if  they  are  mounted  on  glass  handles  and  then  rubbed 
with  silk  or  fur,  they  behave  as  electrics. 

4.  Slectric  RepnlsiOD. — When  experimenting,  as  in 
Fig.  1,  with  a  nibbed  glass  rod  and  bits  of  chopped  paper, 
or  straw,  or  bian,  it  will  be  noticed  that  these  little 
bite  are  first  attracted  and  fly  up  towards  the  excited  rod, 
but  that,  having  touched  it,  they  are  speedily  repelled 
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^^M                 and  fly  back  to  the  tn^ble.     'i'o  shon  this  repulsion  better,           ^| 
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dart  towards  the  rod  and         ^H 

^H                      A 
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^^^                   A  rubbed  glass  rod,  hung  up  a£ 

in  Fig  3,  is  repelled  by  a         ^H 
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aimikr  nibbed  glass  rod  ;  while  a  rubbed  stick  of  sealing- 
wax  is  repelled  by  a  second  rubbed  stick  of  sealing-wax. 
Another  way  of  showing  the  repulsion  between  two 
similarly  electrified  bodies  is  to  hang  a  couple  ot  small 
pith-balls,  by  thin  linen  threads  to  a  glass  support,  as 
in  Fig.  5,  and  then  touch  them  both  with  a  rubbed  glass 
rod.  They  repel  one  another  and  fly  apart,  instead  of 
hanging  down  side  by  side,  while  tlie  near  presence  of 
the  glass  rod  will  make  them  open  out  still  wider,  for 
now  it  repels  them  both.  The  self>repulsiou  of  the  parts 
of  an  electrified  body  is  beautifully  illustrated  by  the 
experiment  ot  electrifying  a  soap-bubble,  which  expands 
when  electrified. 

5.  Two  Kinds  of  Electrification.  —  Electrified  bodies 
do  not,  howeTer,  always  repel  one  another.  The  feather 
which  {see  Fig.  4)  has  been  touched  by  a  rubbed  glass 
rod,  and  which  in  consequence  is  repelled  from  the 
nibbed  glass,  will  be  allracied  if  a  stick  of  rubbed  seal- 
ing-wax be  presented  to  it ;  and  conversely,  if  the  featlier 
has  been  fii'st  electrified  by  touching  it  with  ttie  rubbed 
sealing-wax,  it  will  be  attracted  to  a  rubbed  glass  rod, 
though  repelled  by  the  rubbed  wax.  So,  again,  a  rubbed 
glass  rod  suspeuded  as  in  Fig,  3  will  be  attracted  by  a 
nibbed  piece  of  sealing-wax,  or  resin,  or  amber,  though 
repelled  by  a  rubbed  piece  of  glass.  The  two  pith-balls 
touched  (as  in  Fig.  5)  with  a  rubbed  glass  rod  fly  from 
one  another  by  repulsion,  and,  as  we  have  seen,  fly  wider 
asunder  when  the  excited  glass  rod  is  held  near  them ; 
yet  they  fall  nearer  together  when  a  rubbed  piece  of 
sealing-wax  is  held  under  them,  being  attracted  by  it. 
Symmer  first  observed  such  phenomena  as  these,  and 
they  were  independently  discovered  by  Du  Fay,  who 
suggested  in  explanation  of  them  that  thei'e  were  two 
different  kinds  of  electricity  which  attracted  one  another 
while  each  repelled  itself.  The  electricity  produced  on 
glass  by  rubbing  it  with  silk  he  called  vUreuTis  electricity, 
supposing,  though  erroneously,  that  glass  could  yield  no 
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other  kind ;  and  the  electricity  excited  in  such  substances 
as  sealing-nax,  resin,  abelkc,  indiarubber,  and  amber, 
by  rubbing  them  on  wool  or  flannel,  he  termed  reninoxu 
electricity.  The  kind  of  electricity  produced  is,  however, 
found  to  depend  not  only  on  the  thing  rubbed  but  on  the 
rubber  also ;  for  glass  yields  "  resinous  "  electricity  when 
rubbed  with  a  cat's  skin,  and  resin  yields  "vitreous" 
electricity  if  rubbed  with  a  soft  amalgam  of  tin  and 
mercury  spread  on  leather.  Hence  these  names  have 
been  abandoned  in  favour  of  the  more  appropriate  terms 
introduced  by  Franklin,  who  called  the  electricity  excited 
upon  glass  by  rubbing  it  witli  eilk  posiliee  electricity,  and 
that  produced  on  resinous  bodies  by  friction  with  wool  or 
fur,  negative  electricity.  The  observations  of  Symmer 
and  Du  Fay  may  therefore  be  stated  as  follows:  —  Two 
positively  electrified  bodies  apparently  repel  one  another : 
two  negatively  electrified  bodies  apparently  repel  one 
another:  but  a  positively  electrified  body  and  a  negatively 
electrified  boily  appai'entty  attract  one  another.  It  is 
now  known  that  these  effects  which  appear  like  a  repul- 
sion and  an  attraction  between  bodies  at  a  distance  from 
one  another  are  really  due  to  actions  going  on  in  the 
mtdium  between  them.  The  positive  charge  does  not 
really  attract  the  negative  charge  that  is  near  it;  but 
both  are  urged  toward  one  another  by  atresses  in  the 
medium  in  the  intervening  space. 

6.  Simultaneous  Pioduction  of  both  Electrical  States. 
^Neither  kind  of  electrification  is  produced  alone; 
there  is  always  an  equal  quantity  of  both  kinds  pro- 
duced; one  kind  appearing  on  the  thing  rubbed  and  an 
equal  anionnt  of  the  other  kind  on  the  rubber.  The 
clearest  proof  that  these  aroounta  are  equal  can  be  given 
in  some  cases.  For  it  is  found  that  if  both  the  —  electricity 
of  the  rubber  and  the  +  electricity  of  the  thing  rubbed  be 
imparted  to  a  third  body,  that  third  body  will  show  no 
eleclrificalioii  at  all,  the  two  equal  and  opposite  electrifioa- 
tiona  having  exactly  ueutralized  each  other,     A  simple 
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experiment  consists  in  rubbing  togetlier  ft  disk  of  sealing- 
wax  and  one  covered  with  flannel,  both  being  held  by 
insulating  handles.  To  test  them  is  required  an  insulated 
pot  and  au  electroscope,  aa  in  Fig.  29,  If  either  disk  be 
insei'ted  in  the  pot  the  leaves  of  the  electroscope  will 
diverge ;  but  if  both  are  inserted  at  the  same  time  the 
leaves  do  not  diverge,  showing  that  the  two  charges  on 
the  disks  are  equal  and  of  opposite  sign. 

In  the  following  list  the  bodies  are  arranged  in  such  an 
order  that  if  any  two  be  rubbed  together  the  one  which 
stands  earlier  in  the  series  becomes  positively  electrified, 
luid  the  one  that  stands  later  negatively  electrified:  — 
Fur,  wool,  ivory,  glass,  silk,  melals,  sulphur,  indiarubber, 
guttapercha,  collodion,  or  celluloid. 

7.  Theories  of  Electricity.  —  Several  theories  have 
been  advanced  to  account  for  these  phenomena,  but  all 
are  more  or  less  unsatisfactory.  Symnier  proposed  a 
"two-fluid"  theory,  according  to  which  there  are  two 
imponderable  electric  fiiiids  of  opposite  kinds,  which 
neutraliKe  one  another  when  they  combine,  and  which 
exist  combined  in  equal  quantities  in  all  bodies  until 
their  condition  is  disturbed  by  friction.  A  modification 
of  this  theory  was  made  by  Frankliu,  who  proposed 
instead  a  »•  one-fluid"  theory,  according  to  which  there 
is  a  single  electric  fluid  distributed  usually  uniformly 
in  all  bodies,  but  which,  when  they  are  subjected  to 
friction,  distributes  itself  unequally  betweea  the  rubber 
and  the  thing  rubbed,  one  having  more  of  the  fluid,  the 
other  less,  than  the  averi^e.  Hence  the  terms  positive 
and  negative,  which  are  still  retained;  that  body  which  is 
supposed  to  have  an  excess  being  said  to  be  charged  with 
positive  electricity  (usually  denoted  by  the  plus  sign  +), 
while  that  whicli  is  supposed  to  have  less  is  said  to  be 
eharged  with  negative  electricity  (and  is  denoted  by 
Uie  minus  sign  — ).  These  tarius  are,  however,  purely 
arbitrary,  for  tu  the  present  state  of  science  we  do  not 
know  which  of  these  two  states  really  means  more  and 
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which  means  lesa.  In  m ally  way r  electricity  b 
a  weightlesB  Buhstaiice  as  incoTtipressible  as  any  tnaterial 
liquid.  Tt  is,  however,  quite  certain  that  eleelricittj  is,  not 
a  fimterial  Jlui'l,  -whatever  else  it  may  be.  For  while  it 
resembles  a  fluid  in  its  property  of  apparently  flowing 
from  one  point  to  another,  it  differs  from  every  known 
fluid  in  almost  eirery  other  respect.  It  possesBes  no 
wei^rht;  it  repels  itself.  It  is,  moreover,  quite  impossible 
to  conceive  of  two  fluids  whose  properties  should  in  eveiy 
respect  be  the  precise  opposites  of  one  nnother.  For 
these  reasons  it  is  cleai'ly  misleading  to  speak  of  an 
electric  fluid  oi'  fluids,  however  convenient  the  term  may 
seem  to  be.  In  metals  and  other  good  conductors  elec- 
tricity can  apparently  move  and  flow  quite  easily  in 
currents.  In  transparent  solids,  such  an  glass  and  resin, 
and  in  many  transparent  liquids  such  as  oils,  and  iii 
goaea  such  aa  the  air  (if  still,  and  not  rarefled)  electricity  ' 
apparently  cannot  flow.  Even  a  vacuum  appears  to  be  a 
nouKionductor.  In  the  case  of  all  non-conductors  eleo- 
tricity  can  only  be  moved  by  an  action  known  as  displace- 
ment (see  Art.  57). 

It  appears  then  that  in  metals  electricity  can  easily 
pa«s  from  molecule  to  molecule;  but  in  the  case  of  non- 
conductors the  electricity  is  in  some  way  stuck  to  the 
molecules,  or  associat«d  with  them.  Some  electricians, 
notably  Faraday,  have  propounded  a  molecular  theory 
of  electricity,  according  to  which  the  electrical  states  are 
the  result  of  certain  peculiar  conditions  of  the  molecules 
of  the  surfaces  that  have  been  rubbed.  Another  view  is 
to  regard  the  state  of  electrification  as  related  to  the  eAer 
(the  highly-attenuated  medium  which  fills  all  space,  and 
is  the  vehicle  hy  which  tight  is  transmitted),  which  is 
known  to  lie  associated  with  the  molecules  of  matter. 
Bome  indeed  hold  that  the  ether  itself  is  electricity;  an( 
that  the  two  »ttat«s  of  positive  and  negative  electriflca 
tion  are  simply  due  to  displacement  of  the  ether  at  thi 
surfaces  of  bodies.     In  these  lessons  we  shall  avoid  a 
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possible  all  theories,  and  ahall  be  content  to  use 
the  term  electricity. 

S.  Charge.^ The  quantity  of  electrification  of  either 
kind  produced  by  friction  or  other  means  upon  the  surface 
of  a,  body  is  spoken  of  as  a  charge,  and  a  boiJy  'when 
electrified  is  said  to  be  charged.  It  is  clear  that  there 
may  be  charges  of  different  values  as  ■well  bs  of  either 
WaA.  When  the  charge  of  electricity  is  removed  from 
a  charged  body  it  is  said  to  be  dUcharged.  Good  con- 
ductors of  electricity  are  instantaneously  discharged  if 
touched  by  the  hand  or  by  any  conductor  in  contact  with 
the  ground,  the  charge  thus  Unding  a  means  of  escaping 
to  earth  or  to  surrounding  walla.  A  body  that  is  not  a 
good  conductor  may  be  readily  discharged  by  passing  it 
rapidly  through  the  flame  of  a  spirit-lamp  or  a  candle ; 
for  tlie  hot  gases  instantly  carry  oif  the  charge  and  dis- 
sipate it  in  the  air. 

Electricity  may  either  reside  upon  the  surface  of  bodies 
ELS  a  charge,  or  flow  through  their  substance  as  a  current. 
That  branch  of  the  science  which  treats  of  the  laws  of  tite 
charges,  that  is  to  say,  of  electricity  at  i-est,  upon  the 
surface  of  bodies  is  termed  electrostatics,  and  is  dealt 
with  in  Chapter  IV.  The  branch  of  the  siiliject  which 
treats  of  the  flow  of  electricity  in  currents  is  dealt  with 
in  Chapter  III.,  and  other  later  portions  of  this  book. 

9.  Modes  of  represeiitiiig  Electrification.  —  Several 
modes  are  used  to  represent  the  electrification  of  surfaces. 
In  Figs.  0,  7,  and  8  are  I'ep- 
resented  two  disks  —  A  cov- 
ered with  woollen  cloth,  B 
of  some  resinous  body, — 
which  have  been  rubbed  to- 
gether so  that  A  has  becojne 
positively,  B  negatively  elec- 
trified, fu  Fig.  6  the  sur-  "^  " 
faces  are  marked  with  plus  (+)  and  minus  (~)  signs. 
\  In  Fig.  7  dotted  lines  are  drawn  just  outside  the  posi- 
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lively  electrified  surface  and  juat  within  the  negatively 
electj'ifled  surface,  as  though  one  had  a  smplus  and  the 
other  a  deficit  of  electricity.  In  Fig,  8  lines  are  drawn 
acroHB  the  intervening  space  from  the  positively  electrified 
surface  to  the  oppmite  negative  charge.  The  advantages 
of  this  last  mode  are  explained  in  Art.  13. 

10.  Condnctora  and  Insulators.  —  The  term  "ooii- 
duotors,"  used  ahove,  is  applied  to  those  bodies  which 
readily  allow  electricity  to  flow  through  them.  Roughly 
gpealiing,  bodies  may  he  divided  into  two  classes  —  those 
which  conduct  and  those  which  do  not;  though  very 
many  substances  are  partial  conductors,  and  cannot  well 
be  classed  in  either  category.  All  the  metals  conduct 
well;  the  human  body  conducts,  and  so  does  water.  On 
the  other  hand  glass,  sealing-wax,  silk,  shellac,  gutta- 
percha, indiarubber,  I'esiii,  fatty  substances  generally, 
and  the  air,  are  non-conductors.  On  this  account  these 
substances  are  used  to  make  supports  and  handles  for 
electrical  apparatus  where  it  is  important  that  the  elec- 
tricity should  not  leak  away;  hence  they  are  sometimes 
called  inaalAtors  or  isalaton.  Faraday  termed  thein  dielec- 
trics. We  have  remarked  above  that  the  name  of  non- 
eleclrics  was  given  to  those  substances  which,  like  the 
metals,  yield  no  sign  of  electrification  when  held  in  the 
hand  and  rubbed.  We  now  know  tlie  reason  why  they 
show  no  electrification ;  for,  being  good  conductors,  the 
electrification  Sows  away  as  fast  as  it  is  generated.  Tlie 
observation  of  Gilbert  that  electrical  experiments  fail 
in  damp  weather  is  also  explained  by  the  knowledge  that 
water  is  a  conductor,  the  film  of  moisture  on  the  surface 
of  damp  bodies  causing  the  electricity  produced  by  friction 
to  leak  away  as  fast  as  it  is  generated. 

11.  Other  Klectrical  Effects.  —  The  production  of  elec- 
tricity by  friction  is  attested  by  other  eifecta  than  those 
of  attraction  and  repulsion,  which  hitherto  we  have 
assumed  to  be  the  test  of  the  presence  of  < electricity. 
Otto  von  Guericke  first  observed  that  sparks  and  flikshea 
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of  light  could  be  obtained  from  highly  electrified  bodies 
at  the  moment  when  they  were  dischargetl.  Such  sparks 
are  usually  accompanied  by  a  snapping  sound,  suggesting 
on  a  small  scale  the  thunder  accompanying  the  lightning 
spark,  as  was  remarked  by  Newton  and  other  early 
observers.  Pale  flashes  of  light  ai'e  also  produced  by  tlie 
discharge  of  electricity  through  tubes  partially  exhausted 
of  air  by  tlie  air-pump.  Other  effects  will  be  noticed  in 
due  course. 

12.  Other  Sources  of  Electrification.  —  The  student 
must  be  reminded  that  friction  is  by  no  means  the  only 
source  of  electrification.  The  other  sources,  percussion, 
compression,  heat,  chemical  action,  physiological  action, 
contact  of  metals,  etc.,  will  be  ti*eated  of  in  Lesson  VII. 
We  will  simply  remark  here  that  friction  between  two 
different  substances  always  produces  electrical  separa- 
tion, no  matter  what  the  substances  may  be.  Symmer 
observed  the  production  of  electrification  when  a  silk 
stocking  was  drawn  over  a  woollen  one,  though  woollen 
rubbed  upon  woollen,  or  silk  rubbed  upon  silk,  produces 
no  electrical  effect.  If,  however,  a  piece  of  rough  glass 
be  rubbed  on  a  piece  of  smooth  glass,  electrification  is 
observed ;  and  indeed  the  conditions  of  the  surface  play 
a  very  important  part  in  the  production  of  electrification 
by  friction.  In  general,  of  two  bodies  thus  rubbed 
together,  that  one  becomes  negatively  electrical  whoHo 
particles  are  the  more  easily  removed  by  friction.  Differ- 
ences of  temperature  also  affect  the  electrical  conditionM 
of  bodies,  a  warm  body  being  usually  negative  when 
rubbed  on  a  cold  piece  of  the  same  substance.  The 
quantity  of  electrification  produced  is,  however,  not  pro- 
portional to  the  amount  of  the  actual  mechanical  friction  ; 
hence  it  appears  doubtful  whether  friction  is  truly  the 
cause  of  the  electrification.  Something  certainly  happens 
when  the^surfaces  of  two  different  substances  are  brought 
into  inti&ate  contact,  which  has  the  result  that  when 
they  are  drawn  apart  they  are  found  (provided  at  least 
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one  o£  tliem  is  a  non-conductor)  to  have  (icquired  opposite 
charges  of  electvificatinii ;  one  surface  haviug  apparently 
taliiin  Bonie  electricity  from  the  other.  Uul  these  opposite 
charges  attract  one  another  and  cannot  be  drawn  apart 
without  there  being  aiechanical  work  done  upon  the 
eystem.  The  work  thus  spent  is  stored  up  in  the  act 
of  separating  the  charged  surfaces;  and  as  long  aa 
the  charges  remain  separated  they  constitute  a  store 
of  potential  energy.  The  so-called  frietional  electric 
machines  are  therefore  machines  for  bringing  dissimilar 
substances  into  intimate  contact,  and  then  drawing  apart 
the  parCicleH  that  have  touched  one  aiiotlter  and  become 
electrical. 

If  the  two  bodies  that  are  rubbed  together  are  both 
good  conductors,  they  will  not  become  strongly  electrified, 
even  if  held  on  insulating  handles.  It  is  quite  likely, 
however,  that  the  heat  produced  by  friction,  as  in  the 
bearings  of  machinery,  is  due  to  electric  currents  gen- 
erated where  the  surfaces  meet  and  slip. 

13.    Electric      Field.  —  Whenever      two     oppositely 
charged  surfaces  are  placed  near  one  another  they  t«nd 
to  move  together,  and  the  apace  betweeii  them  is  found 
to   be   thrown    into   a  peculiar   state  of 
stress,  as  though  the  medium  in  between 
hod    been    stretched.      To    explore    the 
space  between  two  bodies  one  of  which 
has  been  positively  and  the  other  nega- 
"*""'  lively   electrified,   we   may   use  a  light 

pointer  (Fig.  9}  made  of  a  small  piece  of  very  thin  paper 
pierced  with  a  hole  through  which  passes  a  long  thread 
of  glass.  It  will  be  found  that  this  pointer  tends  to 
point  across  from  the  positively  electrijied  surface  to 
the  negatively  electrified  surface,  along  invisible  lines  of 
electric  force.  The  space  so  filled  with  electric  lines  of 
force  is  called  an  eleclric  jidil.  In  Fig.  8  A  and  B 
represent  two  bodies  the  suifaces  of  which  have  been 
electrified,  the  one  positively,  the  other  negatively.    In 
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the  field  between  them  the  electric  lines  pass  across 
almost  straight,  except  near  the  edges,  where  they  are 
curved.  Electric  lines  of  force  start  from  a  positively 
charged  surface  at  one  end,  and 
end  on  a  negatively  charged 
surface  at  the  other  end.  They 
never  meet  or  cross  one  another. 
Their  direction  indicates  that  of 
the  resultant  electric  force  at 
every  point  through  which  they 
pass.  The  stress  in  the  medium 
'thus  mapped  out  by  the  lines  of 
force  acts  as  a  tension  along 
them,  as  though  they  tended  to  ^*"'*   "' 

shorten  themselves.  In  fact  in  Fig.  8  the  tension  in  the 
medium  draws  the  two  surfaces  together.  There  is  also 
a  pressure  in  the  medium  at  right  angles  to  the  lines, 
tending  to  widen  the  distance  between  them.  Fig.  10 
represents  a  ball  which  has  been  positively  electrified, 
and  placed  at  a  distance  from  other  objects ;  the  lines  in 
the  field  being  simply  radial. 


Lesson  II.  —  Electroscopes 

14.  Simple  Electroscopes. —  An  instrument  for  detect- 
ing whether  a  body  is  electrified  or  not,  and  whether 
the  electrification  is  positive  or  negative,  is  termed  an 
Electroscope.  The  feather  which  was  attracted  or  re- 
pelled, and  the  two  pith-balls  which  flew  apart,  as  we 
found  in  Lesson  I.,  are  in  reality  simple  electroscopes. 
There  are,  however,  a  number  of  pieces  of  apparatus 
better  adapted  for  this  particular  purpose,  some  of  which 
we  will  describe. 

16.  Needle  Electroscope.  —  The  earliest  electroscope 
was  that  devised  by  Dr.  Gilbert,  and  shown  in  Fig.  11, 
which  consists  of  a  stiff  strip  balanced  lightly  upon  a 
sharp  point.     A  thin  strip  of  brass  or  wood,  a  straw,  or 
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1  a  goose  quill,  biilanced  upon  a  sewiug  needle,  will 
■e  equally  well.    When  an  electrified  body  is  held  near 


tLe  electroscope  it  la  attracted  and  turned  round,  and  will 
thus  indicate  the  presence  of  electric  charges  far  too  feeble 
to  attract  bits  of  paper  from  a  table. 

16.  Gold-Leaf   Electroscope.  —  A    still    more    sensi- 


iiilarly  electrified  repel  o 
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the   field  between  them  the  electric  lines  pass  across 
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16.  Needle  Electroscope.  —  The  earliest  electroscope 
was  that  devised  by  Dr.  Gilbert,  and  shown  in  Fig.  11, 
which  consists  of  a  stiff  strip  balanced  lightly  upon  a 
sharp  point.     A  thin  strip  of  brass  or  wood,  a  straw,  or 
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proceeii  as  foUdws ;  —  Fii'st  cli.ir);o  tlio  gold  leuve«  of  tlie 
e]iiuli'oscoi«  bj  ti>udiiii<;Uie  knoll  witlkagloss  rod  niiibed 
on  Hilk.  The  kaves  diverge,  being  electrifieJ  with  + 
elei:trifi>;3ition.  Wluiu  tliey  are  than  charged  tlie  approach 
o{  a  boily  wliicb  is  positively  electrified  will  cause  them 
to  di.verge  still  iiiore  widely ;  while,  on  the  appi'oach  of 
one  tiegiitively  electrified,  tliey  will  tend  to  close  together. 
If  now  the  brown  paper  be  bi'ouglit  near  the  electroscope, 
the  leaves  will  be  seen  to  diverge  more,  proving  the 
electritication  of  the  pa]>er  to  be  of  the  same  kind  aa 
tliat  with  which  the  electroscoini  i:i  charged,  or  [wsitii-e. 
Sometimes  the  outer  surface 
of  the  glass  jar  containing 
the  gold  leaves  is  covered 
with  wire  gauze  or  strips  of 
foil  to  shield  the  leaves  [I'om 
the  influence  of  external 
bodies.  A  preferable  way  is 
to  use  gluss  of  a  kind  that 
conducts. 

The  part  played  by  the 
surrounding  medium  in  the 
Ojieration  of  the  electroscope 
j^_  |;|  is    illustrated    by    P'ig.    13, 

(H  the  electric  lines  iu  the 
field  surrounding  the  rubbed  rod  a  number  will  paM  into 
the  metal  cap  of  the  electroscope  and  emerge  below 
through  the  leaves.  The  nearer  the  rod  is  brought,  the 
greater  will  lie  the  number  of  electric  lines  thus  affecting 
the  iuslrumeut.  1'here  being  a,  tension  along  the  lines 
and  a  pressure  across  them,  the  effect  is  to  draw  the  gold 
leaves  apart  as  though  they  repelled  each  other. 

The  Gold-l.eaf  Electroscope  will  also  indicate  roughly 
the  amount  of  electrilicatioti  on  a  body  placed  in  contact 
with  it,  for  the  gold  leaves  open  out  more  widely  when 
the  charge  thus  Imparted  to  them  is  greater.  For  exact 
measurenient,  however,  of  the  degree  of  electrification. 
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recourse  must  be   had   to   the   iiiHtruinutitN   known   ah 
Electrometers,  described  in  LesHon  XXII. 

In  another  form  of  electroscope  (Bohn«nberj(*irV)  ft 
single  gold  leaf  is  used,  and  is  suMpend<Ml  botwimn  two 
metallic  plates,  one  of  which  can  be  poMitiv«»ly,  ih«  oth^r 
negatively  electrified,  by  placing  them  in  communinittlon 
with  the  poles  of  a  "dry  pile"  (Art  103).  If  ih«  i^oUi 
leaf  be  charged  positively  or  negatively  it  will  b«  ftttra<5t«(l 
to  one  side  and  repelled  from  the  othf^r,  actutrdUn;  Ut  tim 
law  of  attraction  and  repulsion  mentione^l  in  Art,  i, 

17.  Henley's  Semaphore.  —  An  an  UulktiUtr  fnr  lur^w 
charges  of  electricity  there  in  noitutiUtum  untui  n  mmti' 
phore  like  that  shown  in  Fig.  14. 

It  consists  of  a  pith-ball  at  the  titul 

of  a  light  arm  fixe^l  on  a  pmfi  to 

an  upright.     When  the  whok  m 

electrified  the  pith-ball  in  rep^ll^l 

from  the  upright  and  flie»  out  at  an 

angle,    indicated    on    a    ^TuUmUtti 

scale  or  dial  behind  it.    TIjim  litil^ 

electroscope,  which  \»  ntahlom  tmtd 

except  to  show  whether  an  ttUt^tirvt 

machine  or   a   Jjnyden    }fSiiUfry  in 

charged,  must  on  no  iux^mni  \fH  t*/tU' 

fused  with  the  (Uihf^Oi  ^(^Widraui 

Electrometer"  dfiSif:ti\0fi4  m  tjff^ik^m 

XXII^  whose  obj*!Ct  i»  U>  rM^/itfur^  very  mM  *:hiu*,^^  iA 

electricity  —  not  tr>  in/lk^^  hur%e  <hu^. 

18.  Tfce  TomMi  B«]jM>e.  —  AIjUm/uj^  imtttc  iHrijfj^riy 
an  EUeiromei4r  thsui  a  «m**  I^U/ir</«/y/p€f  k  wijj  l>* 
most  eonretnevt  Ut  4»:ti«rl}>^  h^e  t^  UMfiiw^mi  kiM/y^u 
as  the  Tcfrmm  Jkthtsji^  (Vh^^  Vj)-  Thh  Isjk^aw^ui,  '^Hi^'M 
famoQS,  but  tkcnr  <jujl<^  4>^/tyo»>^.  i^yr\*A  V>  uikiiH^Mre  %h^ 
torn  c€  the  rej^ul^k*  b*?t >ft>j*?ti  t^io  ^'xaxihrJy  ^iw^'i^ti*^ 
bodies,  br  badauuciznj^  ti**;  r^apeUhi^  i^jron  d^aoAitJt  tiU;  l/^'-o^^ 
eiLoUid  by  a  fijue  -wja*  iu  tuutwitstaju;^  itwJf  ^^iw  A  hm 

71*e  tundgsu  baJbiAw^ -oc^A^^ 
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or  lever  of  sliellac  siispendeil  wif.liin  a  cylindrical  glass 
enae  by  itieai>H  of  a.  fine  silver  wire.  At  one  end  this 
lever  is  furnislied  with  a  gilt  pith-ball  «.  The  upper 
end  of  the  silver  wire  is  fastened  to  a  braaa  top,  upon 
which  a  circle,  divided 
into  degrees,  is  otit.  This 
top  can  be  turned  round 
in  the  tube  which  sup- 
portK  it,  and  is  called  the 
torsion -liead.  Through  an 
aperture  in  the  cover  there 
can  be  iutroduond  a  sec- 
ond gilt  pith-ball  m,  fixed 
to  the  end  of  a  vertical 
glass  rod  a.  Rouud  the 
glass  case,  at  the  level  of 
the  pith-balls,  a  circle  is 
^^^       ■  ,  __  _  drnwFii,  and  divided  also 

^''^'  "''  I»   using   the   torsion 

balance  to  measure  the  aniouiit  of  a  charge  of  electricity, 
the  following  method  is  adopted : —  First,  the  torsion-head 
is  turned  round  until  the  tn'o  i>ith-baltH  ni  and  n  just 
touch  one  another.  Then  the  glass  rod  a  is  taken  out, 
and  the  charge  of  electricity  to  l>e  measured  is  imparted 
to  the  liall  m,  which  is  then  replaced  in  the  balance.  As 
HOOTi  as  m  and  n  touch  one  another,  part  of  the  charge 
passes  from  m  to  n,  and  they  repel  one  another  liecaose 
they  are  then  similarly  electritied.  The  ball  n,  therefore, 
is  driven  round  and  twists  the  wire  up  to  a  certain  extent. 
The  force  of  repulsion  becomes  less  and  less  as  n  gets 
farther  and  farther  from  tn ;  but  the  force  ot  the  twist 
gets  greater  and  greater  the  more  the  wire  is  twisted. 
Hence  these  two  forces  will  balance  one  another  when 
the  balls  are  separated  hy  a  certairi  distance,  and  it  is 
clear  that  a  large  charge  of  electricity  will  repel  the  ball 
n  wilh  a  greater  force  than  a  leaser  charge  would.    The 
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distance  through  which  the  ball  is  repelled  is  read  off  in 
angular  degrees  of  the  scale.  When  a  wire  is  twisted, 
the  force  with  which  it  tends  to  untwist  is  precisely  pro- 
portional to  the  amount  of  the  twist.  The  force  required 
to  twist  the  wire  ten  degrees  is  just  ten  times  as  great 
as  the  force  required  to  twist  it  one  degree.  In  other 
words,  the  force  of  torsion  is  proportional  to  the  angle  of 
torsion.  The  angular  distance  between  the  two  balls  is, 
when  they  are  not  very  widely  separated,  very  nearly 
proportional  to  the  actual  straight  distance  between  them, 
and  represents  the  force  exerted  between  electrified  balls 
at  that  distance  apart.  The  student  must,  however,  care- 
fully distinguish  between  the  measurement  of  the  force 
and  the  measurement  of  the  actual  quantity  of  electricity 
with  which  the  instrument  is  charged^  For  the  force 
exerted  between  the  electrified  balls  will  vary  at  different 
distances  according  to  a  particular  law  known  as  the 
"  law  of  inverse  squares,"  which  requires  to  be  carefully 
explained. 

19.  The  Law  of  Inverse  Squares.  —  Coulomb  proved, 
by  means  of  the  Torsion  Balance,  that  the  force  exerted 
between  two  small  electrified  bodies  varies  inversely  as 
the  square  of  the  distance  between  them  when  the 
distance  is  varied.  Thus,  suppose  two  small  electrified 
bodies  1  inch  apart  repel  one  another  with  a  certain 
force,  at  a  distance  of  2  inches  the  force  will  be  found 
to  be  only  one  quarter  as  great  as  the  force  at  1  inch ; 
and  at  10  inches  it  will  be  only  y^^  part  as  great  as 
at  1  inch.  This  law  is  proved  by  the  following  ex- 
periment with  the  torsion  balance.  The  two  scales  were 
adjusted  to  0°,  and  a  certain  charge  was  then  imparted 
to  the  balls.  The  ball  n  was  repelled  round  to  a  distance 
of  '36°.  The  twist  on  the  wire  between  its  upper  and 
lower  ends  was  also  36°,  or  the  force  tending  to  repel 
was  thirty-six  times  as  great  as  the  force  required  to 
twist  the  wire  by  1°.  The  torsion-head  was  now  turned 
round  so  as  to  twist  the  tliread  at  the  top   and  force 
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and   woa   turned   round   until 
halved.      To  bring 


the  ball  n  nearer  to  » 
the  distance  between  n 

down  this  distance  from  36°  to  18°,  it  was  found 
needful  to  twist  the  toraion-head  through  120*^.  The 
total  twist  between  tlie  upper  and  lower  ends  of  the 
wire  waa  now  126"+  18°  or  144°;  and  the  force  was 
144  times  aa  great  as  that  force  which  would  twist 
the  wire  1°.  But  144  ia  four  times  as  great  as  3(J ; 
hence  we  see  that  while  the  distance  had  been  reduced 
to  one  half,  the  force  between  tiie  balls  liad  beoonie 
four  limes  as  great.  Had  we  reduoeii  the  distance 
to  one  i/uarler,  or  0",  the  total  torsion  would  have  been 
found  to  be  570°,  or  jtirWen  times  as  great ;  proving 
tha  force  to  vary  Inversely  ts  the  square  of  the  dla- 

In  practice  it  requires  great  experience  and  skill  to 
obtain  results  as  exact  as  this,  for  there  are  many  sources 
of  inaccuracy  in  the  instrument.  The  balls  must  be  very 
small,  in  proportion  to  the  distances  between  them.  The 
charges  of  electricity  on  the  balls  are  found,  moreover,  to 
become  gradually  less  and  less,  as  if  the  electricity  leaked 
away  into  the  air.  This  loss  is  less  if  the  apparatus  be 
quite  dry.  It  is  therefore  usual  to  dry  the  interior  by 
placing  inside  the  case  a  cup  containing  either  chloride 
ot  calcium,  or  pumice  stone  soaked  with  strong  sulphuric 
acid,  to  absorb  tlie  moisture. 

Before  leaving  the  subject  of  electric  forces,  it  may  be 
well  to  mention  that  the  force  of  altraction  between  two 
oppositely  electrified  bodies  varies  also  iuversely  as  the 
square  of  the  distance  between  thera.  And  in  every 
case,  whether  of  attraction  or  repulsion,  the  force  at  any 
given  distance  is  propartional  to  the  product  of  the  two 
quantities  of  electricity  ou  the  bodies.  Thus,  if  we 
had  separately  given  a  charge  of  2  to  the  ball  iit  and  a 
charge  of  3  to  the  ball  n,  the  force  between  them  will  be 
3  X  2  :=  0  times  as  great  as  if  each  had  ba<l  a  charge  of  1 
given  to  it.     It  must  be  remembered,  however,  that  the 


CHAP.  I  ELECTRIC   FIELD  23 

law  of  inverse  squares  is  only  true  when  applied  to  the 
case  of  bodies  so  small,  as  compared  with  the  distance 
between  them,  that  they  are  mere  points.  For  flat,  large, 
or  elongated  bodies  the  law  of  inverse  squares  does  not 
hold  good.  The  attraction  between  two  large  flat  disks 
oppositely  electrified  with  giv  m  charges,  and  placed  near 
together,  does  not  vary  with  the  distance. 
0  20.  Field  between  two  Balls.  — The  electric  field 
(Art.  13)  between  two  oppositely  electrified  balls  is  found 
to  consist  of  curved  lines. 
By  the  principle  laid  down 
in  Art.  13,  there  is  a  tension 
along  these  lines  so  that 
they  tend  not  only  to  draw 
the  two  balls  together,  but 
also  to  draw  the  electrifica- 
tions on  the  surfaces  of  the 
balls  toward  one  another.  ^*^'  ^^• 

There  is  also  a  lateral  pressure  in  the  medium  tending  to 
keep  the  electric  lines  apart  from  one  another.  One 
result  of  these  actions  is  that  the  charges  are  no  longer 
equally  distributed  over  the  surfaces,  but  are  more  dense 
on  the  parts  that  approach  most  nearly. 

21.  Unit  Quantity  of  Electricity.  —  In  consequence  of 
these  laws  of  attraction  and  repulsion,  it  is  found  most 
convenient  to  adopt  the  foUowin^^j  definition  for  that 
quantity  of  electricity  which  we  take,  for  r.  unit  or  stand- 
ard by  which  to  measure  other  quantities  of  electricity. 
One  (electrostatic)  Unit  of  Electricity  i^  that  quantity  which, 
when  placed  at  a  distance  of  one  centimetre  in  air  from 
a  similar  and  equal  quantity,  repels  it  with  a  force  of  one 
dyne.  If  instead  of  air  another  medium  occupies  the 
space,  the  force  will  be  different.  For  example,  if  petro- 
leum is  used  the  force  exerted  between  given  charges 
will  be  about  half  as  great  (?'ee  Art.  56).  Further  in- 
formation about  the  measurement  of  electrical  quantities 
is  given  in  Lessons  XXI.  and  XXII. 
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Ledsox  ni.  —  EUetrification  bg  Infiutnee 

22.  Infiuence. — We  have  now  learned  bow  two 
cbuged  bodies  may  apparautlj  attroct  or  repel  one 
auotlier.  It  is  Houtetiiuea  said  that  it  is  the  chaises  in 
the  bodies  which  attract  or  repel  oue  another;  but  as 
ulectrification  is  not  known  to  exist  except  in  or  on 
material  bodies,  the  proof  that  it  is  the  charges  theiu- 
selvec  which  are  acted  upon  is  onl^  iudirect.  Nevertheless 
there  are  certain  matters  which  support  tlii^  view,  oue  of 


^ 
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thoHe  being  the  electric  influence  exerted  by  an  electrified 
body  upon  one  not  electrified. 

Suppose  WB  electrify  positively  a,  ball  C,  ahowii  in  Fig. 
17,  aiid  hold  it  near  to  a  body  that  has  not  befui  electri- 
fitiil,  what  will  occur?  We  take  for  this  experiment  the 
upparutusahowuon  the  right,  consisting  of  a  long  sausage- 
ahnped  piece  of  nietul,  either  hallow  or  solid,  held  upon  a 
g\a»s  HuptKirt.  This  "conductor,"  so  called  because  it  ia 
niade  of  metal  which  permits  electricity  to  pass  freely 
through  it  or  over  its  surface,  is  supported  on  glass  to 
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prevent  the  escape  of  electricity  to  the  earth,  glass  being 
a  non-conductor.  The  influence  of  the  positive  charge 
of  the  ball  placed  near  this  conductor  is  found  to  induce 
electrification  on  the  conductor,  which,  although  it  has 
not  been  rubbed  itself,  will  be  fouud  to  behave  at  its  two 
ends  as  an  electrified  body.  The  ends  of  the  conductor 
will  attract  little  bits  of  paper ;  and  if  pith-balls  be  hung 
to  the  ends  they  are  found  to  be  repelled.  It  will,  how- 
ever, be  found  that  the  middle  region  of  the  long-shaped 
conductor  will  give  no  sign  of  any  electrification.  Further 
examination  will  show  that  the  two  electrifications  on  the 
ends  of  the  conductor  are  of  opposite  kinds,  that  nearest 
the  excited  glass  ball  being  a  negative  charge,  and  that  at 
the  farthest  end  being  an  equal  charge,  but  of  positive 
sign.  It  appears  then  that  a  positive  charge  attracts 
negative  and  repels  positive,  and  that  this  influence  can 
be  exerted  at  a  dis.tance  from  a  body.  If  we  had  begun 
with  a  charge  of  negative  electrification  upon  a  stick  of 
sealing-wax,  the  presence  of  the  negative  charge  near  the 
conductor  would  have  induced  a  positive  charge  on  the 
near  end,  and  negative  on  the  far  end.  This  action, 
discovered  in  1753  by  John  Canton,  is  spoken  of  as 
influence  or  electrostatic  induction.*  It  will  take 
place  across  a  considerable  distance.  Even  if  a  large 
sheet  of  glass  be  placed  between,  the  same  effect  will  be 
produced.  When  the  electrified  body  is  removed  both 
the  charges  disappear  and  leave  no  trace  behind,  and 
the  glass  ball  is  found  to  be  just  as  much  electrified  as 
before;  it  has  parted  with  none  of  its  own  charge.    It 

♦  The  word  indtLction  originally  used  was  Intended  to  denote  an  action 
at  a  distance,  as  distinguished  from  conduction^  which  implied  the  convey- 
ance of  the  action  by  a  material  conductor.  But  there  were  discovered 
other  actions  at  a  distance,  namely,  the  induction  of  currents  by  uioving 
magnets,  or  by  other  currents,  and  the  induction  of  magnetism  in  iron  in 
the  presence  of  a  neighbouring  magnet.  As  the  term  induction  has  now 
been  officially  adopted  for  the  induction  of  currents,  its  use  in  other  senses 
ought  to  be  dropped.  Hence  the  preference  now  given  to  the  term  influ- 
ence for  the  induction  of  charges  by  charges. 
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will  be  remembered  that  on  one  theory  a  body  charged 
positively  is  regarded  as  having  more  electricity  than 
the  things  round  it,  while  one  with  a  negative  charge  is 
regarded  as  having  less.  According  to  this  view  it  w^ould 
appear  that  when  a  body  (such  as  the  +  electrified  glass 
ball)  having  more  electricity  than  things  around  it  is 
placed  near  an.  insulated  conductor,  the  uniform  distribu- 
tion of  electricity  in  that  conductor  is  disturbed,  the 
electricity  flowing  away  from  that  end  which  is  near  the 
4-  body,  leaving  less  than  usual  at  that  end,  and  producing 

more  than  usual  at  the  other 
end.  This  view  of  things  will 
account  for  the  disappear- 
ance of  all  signs  of  electrifi- 
cation when  the  electrified 
body  is  removed,  for  then 
the  conductor  returns  to  its 
former  condition ;  and  being 
neither  more  nor  less  elec- 
trified than  all  the  objects 
around  on  the  surface  of  the 
earth,  will  show  neither  positive  nor  negative  charge. 
The  action  is  not,  however,  a  mere  action  at  a  distance; 
it  is  one  in  which  the  intervening  medium  takes  an  essen- 
tial part.  Consider  (Fig.  18)  what  takes  place  when  an 
insulated,  non-electrified  metal  ball  B  is  brought  under 
the  influence  of  a  positively  electrified  body  A.  At 
once  some  of  the  electric  lines  of  the  field  that  surrounds 
A  pass  through  B,  entering  it  at  the  side  nearer  A,  and 
leaving  it  at  the  farther  side.  As  the  ball  B  has  no 
charge  of  its  own,  as  many  electric  lines  will  enter  on  one 
side  as  leave  on  the  other;  or,  in  other  words,  the  induced 
negative  charge  on  one  side  and  the  induced  positive 
charge  on  the  other  will  be  exactly  equal  in  amount. 
They  will  not,  however,  be  quite  equally  distributed,  the 
negative  charge  on  the  side  nearer  A  being  more  concen- 
trated, and  the  lines  in  the  field  on  that  side  denser. 


Fig.  18. 
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23.  Effects  of  Influence.  —  If  the  conductor  be  made 
in  two  parts,  which  while  under  the  influence  of  the 
electrified  body  are  separated,  then  on  the  removal  of  the 
electrified  body  the  two  charges  can  no  longer  return  to 
neutralize  one  another,  but  remain  each  on  its  own 
portion  of  the  conductor. 

If  the  conductor  be  not  insulated  on  glass  supports, 
but  placed  in  contact  with  the  ground,  that  end  only 
which  is  nearest  the  electrified  body  will  be  found  to 
be  electrified.  The  repelled  charge  is  indeed  repelled  as 
far  as  possible  into  the  walls  of  the  room ;  or,  if  the 
experiment  be  performed  in  the  open  air,  into  the  earth. 
One  kind  of  electrification  only  is  under  these  circum- 
stances to  be  found,  namely,  the  opposite  kind  to  that 
of  the  excited  body,  whichever  this  may  be.  The  same 
effect  occurs  in  this  case  as  if  an  electrified  body  had  the 
power  of  attracting  up  the  opposite  kind  of  charge  out  of 
the  earth. 

The  quantity  of  the  two  charges  thus  separated  by 
influence  on  such  a  conductor  in  the  presence  of  a  charge 
of  electricity,  depends  upon  the  amount  of  the  charge, 
and  upon  the  distance  of  the  charged  body  from  the 
conductor.  A  highly  electrified  glass  rod  will  exert  a 
greater  influence  than  a  less  highly  electrified  one ;  and 
it  produces  a  greater  effect  as  it  is  brought  nearer  and 
nearer.  The  utmost  it  can  do  will  be  to  induce  on  the 
near  end  a  negative  charge  equal  in  amount  to  its  own 
positive  charge,  and  a  similar  amount  of  positive  electri- 
fication at  the  far  end  ;  but  usually,  before  the  electrified 
body  can  be  brought  so  near  as  to  do  this,  something  else 
occurs  which  entirely  alters  the  condition  of  things.  As 
the  electrified  body  is  brought  nearer  and  nearer,  the 
charges  of  opposite  sign  on  the  two  opposed  surfaces 
attract  one  another  more  and  more  strongly  and  accumu- 
late more  and  more  densely,  until,  as  the  electrified  body 
approaches  very  near,  a  spark  is  seen  to  dart  across,  the 
two  charges   thus   rushing   together  to  neutralize   one 
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another,  leaving  the  induced  charge  of  positive  electricity, 
which  was  formerly  repelled  to  the  other  end  of  the 
conductor,  as  a  permanent  charge  after  the  electrified 
body  has  been  removed. 

In  Fig.  19  is  illustrated  the  operation  of  gradually 
lowering  down  over  a  table  a  positively  electrified  metal 
ball.  The  nearer  it  approaches  the  table,  the  more  does 
the  electric  field  surrounding  it  concentrate  itself  in  the 

gap  between  the  ball  and  the 
table  top;  the  latter  becoming 
negatively  electrified  by  influ- 
ence. AVhere  the  electric  lines 
are  densest  the  tension  in  the 
medium  is  greatest,  until  when 
the  ball  is  lowered  still  further 
the  mechanical  resistance  of  the 
^^^^^^^^^^^^^  air  can  no  longer  withstand 
^.,  jjj  the  stress;  it  breaks  down  and 

the  layer  of  air  is  pierced  by  a 
spark.  If  oil  is  used  as  a  surrounding  medium  instead  of 
air,  it  will  be  found  to  stand  a  much  greater  stress  without 
being  pierced. 

24.  Attraction  due  to  Influence.  —  We  are  now  able 
to  apply  the  principle  of  influence  to  explain  why  an 
electrified  body  should  attract  things  that  have  not  been 
electrified  at  all.  Fig.  18,  on  p.  26,  may  be  taken  to 
represent  a  light  metal  ball  B  hung  from  a  silk  thread 
presented  to  the  end  of  a  rubbed  glass  rod  A.  The 
positive  charge  on  A  produces  by  injiuence  a  negative 
charge  on  the  nearer  side  of  B  and  an  equal  positive 
charge  on  the  far  side  of  B.  The  nearer  half  of  the  ball 
will  therefore  be  attracted,  and  the  farther  half  repelled ; 
but  the  attraction  will  be  stronger  than  the  repulsion, 
because  the  attracted  charge  is  nearer  than  the  repelled. 
Hence  on  the  whole  the  ball  will  be  attracted.  It  can 
easily  be  observed  that  if  a  ball  of  non-conducting 
substance,  such  as  wax,  be  employed,  it  is  not  attracted 
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so  much  as  a  ball  of  conducting  material.  This  in  itself 
proves  that  influence  really  precedes  attraction. 

Another  way  of  stating  the  facts  is  as  follows :  —  The 
tension  along  the  electric  field  on  the  right  of  B  will  be 
greater  than  that  on  the  left,  because  of  the  greater 
concentration  of  the  electric  lines  on  the  right. 

26.  Dielectric  Power.  —  We  have  pointed  out  several 
times  what  part  the  intervening  medium  plays  in  these 
actions  at  a  distance.  The  air,  oil,  glass,  or  other  material 
between  does  not  act  simply  as  a  non-conductor ;  it  takes 
part  in  the  propagation  of  the  electric  forces.  Hence 
Faraday,  who  discovered  this  fact,  termed  such  materials 
dielectrics.  Had  oil,  or  solid  sulphur,  or  glass  been  used 
instead  of  air,  the  influence  exerted  by  the  presence  of  the 
electrified  body  at  the  same  distance  would  have  been 
greater.  The  power  of  a  non-conducting  substance  to 
convey  the  influence  of  an  electrified  body  across  it  is 
called  its  dielectric  power  (or  was  formerly  called  its 
specific  inductive  capacity,  see  Art.  56  and  Lesson  XXIII.). 

26.  The  Electrophorus.  —  We  are  now  prepared  to 
explain  the  operation  of  a  simple  and  ingenious  instru- 
ment, devised  by  Volta  in  1775,  for  the  purpose  of 
procuring,  by  the  principle  of  influence,  an  unlimited 
number  of  charges  of  electricity  from  one  single  charge. 
This  instrument*  is  the  Electrophorus  (Fig.  20).  It 
consists  of  two  parts,  a  round  cake  of  resinous  material 
cast  in  a  metal  dish  or  "sole,"  about  12  •inches  in 
diameter,  and  a  round  disk  of  slightly  smaller  diameter 
made  of  metal,  or  of  wood  covered  with  tinfoil,  and 
provided  with  a  glass  handle.  Shellac,  or  sealing-wax,  or 
a  mixture  of  resin,  shellac,  and  Venice  turpentine,  may 
be  used  to  make  the  cake.  A  slab  of  sulphur  will  also 
answer,  but  it  is  liable  to  crack.  Sheets  of  hard  ebonized 
indiarubber  are  excellent ;  but  the  surface  of  this  substance 

♦  Volta's  electrophorus  was  announced  in  1775.  Its  principle  had 
already  been  anticipated  by  Wilcke,  who  in  1762  described  to  the  Swedish 
Academy  of  Sciences  two  "  charging-machines  "  working  by  Influence. 
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requires  occasional  'wosliiiig  with  uiiimunia  and  rubbing 
with  pai-alfiii  oil,  aa  tlie  Kulptiur  contained  in  it  is  liable 
to  oxidize  and  to  attract  moisture.  To  use  th?  electro- 
phorua  the  reniiious  cake  must  be  beaten  or  rubbed  with 
a  warm  piece  of  woollen  cloth,  or,  better  still,  with  a  cat's 
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Bkin.  The  disk  or  "  cover  "  is  then  placed  upon  the  cake, 
touched  momentarily  with  the  finger,  then  removed  by 
taking  it  up  by  the  gloss  handle,  when  it  is  found  to  be 
powerfully  electrified  with  a  positive  charge,  bo  much  so 
indeed  as  to  yield  a  spark  when  the  knuckle  is  presented 
to  it.  The  '-cover"  may  be  replaced,  touched,  and  once 
more  removed,  and  will  thus  yield  any  number  of  sparks, 
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oi'igiual   charge   on   tlie   reaiuoua   plate    meauwliile 
trcmainiug  praotieally  aa  strong  as  bsfore. 

The  theory  of  the  electropliovus  is  very  simple,  pro- 

f  tided  the  student  has  cleaj'ly  grasped  the  principle  of 

influence  eicplained  above.    When  the  resinous  cake  is 

first  beaten  with  the  cat's  skiii  H&  surface  is  negatively 

electrified,  as  indicated  in  Fig.  21.     When  the  metal  disk 

is  placed  down  upon  it,  it  rests  really  only  on  three  or 

f  four  points  of  tbe  surface,  and  may  be  regarded  as  an 

■  insulated  conductor  in  the  presence  of  an  electiified  body. 

■The  negative  electrification  of  the  cake  therefore  acta  by 

F influence  on  the  metaUic  disk  or  ''cover,"  the  natural 

■electricity  in  it  being  displaced  downwards,  producing  a 

Kfositive  chai'ge  on  the  under  side,  and  leaving  the  upper 
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■ide  negatively  electrified.    This  state  of  things  is  shown 

in  Fig.  22.     If  now  the  cover  be  louclied  for  an  instant 

with  the  finger,  the  negative  charge  of  the  upper  surface 

will  be  tieutralized  by  electricity  flawing  in  from  the  earth 

through  the  hand  and  body  of  the  experimenter.     The 

.    attracted   positive   charge   will,  however,  remain,  being 

J  bound  as  it  were  by  its  attraction  towai'da  the  negative 

I  charge  ou   the   cake.     Fig.   23   shows   the   condition   of 

J  things  after  the  cover  has  been  touched.     If,  finally,  the 

1  covet  be  lifted  by  its  handle,  the  remaining  positive 

J  charge  will  be  no  longer  "bound"  on  the  lower  surface 

t  by  attraction,  but  will  distribute  itself  on  both  sides  of 

cover,  and  may  be  used  to  give  a  spark,  as  already 

'   Baid.     It  is  clear  that  no  part  of  tlie  original  charge  has 

[  been  consumed  in  the  process,  which  may  be  repeated  as 
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oCUn  an  ilefiired.  As  a  matter  of  fnct,  tlie  charge  on  the 
cake  fllowly  diH^ijiatC!)  —  CHpcciiklly  if  the  nii-  lie  damp. 
Hence  it  is  needful  soiiietittieR  to  renew  tbc  original  charge 
by  afresh  beating  the  cake  with  the  cat's  skin.  The 
labour  of  touching  the  cover  with  the  finger  at  each 
operation  may  be  saved  by  having  a  piti  of  brass  or  a 
atrip  of  tinfoil  projecting  from  the  metallic  "sole  "  on  to 
the  top  of  the  cake,  ao  that  it  touches  the  plate  each  time, 
and  thus  neutralizes  the  negative  chaqje  by  allowing 
electricity  to  flow  in  from  the  earth. 

The   principle   of    the   electrophonis    may  then   be 
summed  up  in  the  following  sentence.     A  conduclor  if 
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InncheiJ  while  'imhr  the  inj/wnce  of  a  charged  hixh/  iKv/nfre,' 
therehg  a  charge  of  nppmile  sif/n.* 

Since  the  electricity  thus  yielded  by  the  electro- 
phorus  in  not  obtained  at  the  ex]K!nsc  of  any  p.irt  of  the 
original  charge,  it  is  fi  matter  of  sotne  inttirest  to  inquire 
'  what  the  source  is  from  which  the  energy  of  this  apparently 
unlimited  supply  is  drawn ;  for  it  cannot  be  called  into 

*Prlertley,  Inns:,  «t«ti-l  thij  prlncljili!  In  tlin  ftillowtiiKlBii(niOE«:  — 
"The  *I.Tlrlc  flufci,  -wlinn  thaw  ti  n  rwlunrlnnfij  nf  ft  In  nny  b™ly,  rcpelg 
ths  «l«[rii!  HhW  Ln  »ny  nlhcr  hoily.  when  tliey  nro  hmugbt  n-ilhin  the 
uphBTB  of  oueh  oUiit'b  infliienct,  snil  drivpi  It  Intn  ttii>  rpiii'ite  purli'  nf  the 
body ;  or  quite  out  of  tlic  boily.  If  Ihfrs  bo  any  outlet  for  Itint  jmriinM. 
In  other  wordu,  bodici  finiimcitiKl  In  eloptrio  stmosphoros  ninny"  bpcnme 
pnuauod  of  ths  elwtricfty,  contrary  to  that  of  Iho  body,  fn  whose  itino- 
•pbara  thsy  at  luunergod." 
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existence  without  the  expenditure  of  Eome  other  form  of 
energy,  any  more  than  a  steaui-engiue  can  work  without 
fuel.  Aa  a  matter  of  fact  it  is  found  that  it  is  a  little 
harder  work  to  lift  up  the  cover  when  it  is  c)iarged.  than 
if  it  were  not  charged ;  for,  when  charged,  there  is  the 
tension  of  the  electric  field  to  be  OTercoiue  as  well  as  the 
force  of  gravity.  Slightly  harder  work  is  done  at  the  ex- 
pense of  the  muscular  energies  of  the  operator;  and  this 
is  the  real  origin  of  the  energy  stored  up  in  the  separate 
charges.  The  purely  mechanical  actions  of  putting  down 
the  disk  on  the  cake,  touching  it,  and  lifting  it  up, 
can  be  performed  automatically  by  suitable  mechanical  - 
arrangements,  which  render  the  production  of  these 
indnctrre  charges  practically  continuous.  Of  such  con- 
tinuous electrophori,  the  latest  is  Winishurat's  machine, 
described  in  Lesson  V. 

27.  "  Praa'"  and  "  Bound "  Electrification.  ^  We 
havo  spoken  of  a  charge  of  electricity  on  the  snrface  o£  a 
conductor,  aa  being  "  bound  "  when  it  is  attracted  by  the 
presence  of  a  neighbouring  charge  o£  the  opposite  kind. 
The  converse  term  "  free  "  ia  sometimes  applied  to  the 
I  ordinary  state  of  electricity  upon  a  charged  conductor, 
not  in  the  presence  of  a  charge  of  an  op[)osite  kind.  A 
"free  "  charge  upon  an  insulated  conductor  fiows  away 
instantaneously  to  the  earth,  if  a  conducting  channel  be 
provided,  as  will  be  explained.  It  is  immaterial  what 
point  of  the  conductor  be  touched.  Thus,  in  the  case 
represented  in  Fig.  17,  wherem  a  +  electrified  body 
induces  ~  electrification  at  the  near  end,  and  +  electri- 
fication at  the  far  end  of  an  insulated  conductor,  the  — 
charge  is  "  bound,"  being  attracted,  while  the  +  charge 
at  the  other  end,  lieing  repelled,  is  "  free  " ;  and  if  the 
insulated  conductor  ba  touched  by  a  person  standing  on  the 
ground,  the  "free"cliarge  will  flow  away  through  his  body 
to  theearth.ortothewajlsof  the  room,  while  the  "bound" 
charge  will  reniain,  no  matter  whether  he  touch  the  cou- 
dtiotor  at  the  far  end,  or  at  the  near  end,  or  at  the  middle. 
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28.  Method  of  charging  the  Gold-Leaf  Electroscope 
by  Influence.  —  The  student  will  now  be  prepared  to 
understand  the  method  by  which  a  Gold-Leaf  Electro- 
scope can  be  charged  with  the  opposite  kind  of  charge  to 
that  of  the  electrified  body  used  to  charge  it.  In  Lesson 
II.  it  was  assume*!  that  the  way  to  charge  an  electroscope 
was  to  place  the  excited  body  in  contact  with  the  knob, 
and  thus  permit,  vs  it  were,  a  small  portion  of  the  charge 
to  flow  into  the  gold  leaves.  A  rod  of  glass  rubbed  on 
silk  being  +  would  thus  obviously  impart  +  electi'ifica- 
tion  to  the  gold  leaves. 

Suppose,  however,  the  rubbed  glass  rod  to  be  held  a 
few  inches  above  the  knob  of  the  electroscope,  as  is 
indeed  shown  in  Fig.  12.  Even  at  this  distance  the  gold 
leaves  diverge,  and  the  effect  is  due  to  influence.  The 
gold  leaves,  and  the  brass  wire  and  knob,  form  one  con- 
tinuous conductor,  insulated  from  the  ground  by  the 
glass  jar.  The  ])resence  of  the  4-  charge  of  the  glass  acts 
inductively  on  this  "insulated  conductor,"  inducing  — 
electrification  ou  the  near  end  or  knob,  and  inducing  + 
at  the  far  end,  i.e.  on  the  gold  leaves,  which  diverge. 
Of  these  two  induced  charges,  the  —  on  the  knob  is 
"bound,"  while  the  +  on  the  leaves  is  "free."  If  now, 
while  the  excited  rod  is  still  held  above  the  electroscope, 
the  knob  be  touched  by  a  person  standing  on  the  ground, 
one  of  these  two  induced  charges  flows  to  the  ground, 
namely,  the  free  charge  —  not  that  on  the  knob  itself,  for 
it  was  **  bound,"  but  that  on  the  gold  leaves  which  was 
"free"  —  and  the  gold  leaves  instantly  drop  down  straight. 
There  now  remains  only  the  —  charge  on  the  knob, 
"  bound  "  so  long  as  the  +  charge  of  the  glass  rod  is 
near  to  attract  it.  But  if,  finally,  the  glass  rod  be  taken 
right  away,  the  —  charge  is  no  longur  "bound"  on  the 
knob,  but  is  "free"  to  flow  into  th(j  leaves,  which  once 
more  diverge-  -but  this  time  with  a  vegative  electrification. 

29.  The  **  Return-Shock.**  —  It  is  sometimes  noticed 
that,  when  a  charged  conductor  is  suddenly  discharged, 
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a  discharge  is  felt  by  persons  standing  near,  or  may 
even  affect  electroscopes,  or  yield  sparks.  This  action, 
known  as  the  "return-shock,"  is  due  to  influence.  For 
in  the  presence  of  a  charged  conductor  a  charge  of 
opposite  sign  will  be  induced  in  neighbouring  bodies, 
and  on  the  discharge  of  the  conductor  these  neighbour- 
ing bodies  may  also  suddenly  discharge  their  induced 
charge  into  the  earth,  or  into  other  conducting  bodies. 
A  "return-shock"  is  sometimes  felt  by  persons  standing 
on  the  ground  at  the  moment  when  a  flash  of  lightning 
has  struck  an  object  some  distance  away. 


Lesson  IV.  —  Condtiction  and  Distribution  of  Electricity 

30.  Conduction.  —  Toward  the  close  of  Lesson  I.  we 
explained  how  certain  bodies,  such  as  the  metals,  conduct 
electricity,  while  others  are  non-conductors  or  insulators. 
This  discovery  is  due  to  Stephen  Gray ;  who,  in  1729, 
found  that  a  cork,  inserted  into  the  end  of  a  rubbed  glass 
tube,  and  even  a  rod  of  wood  stuck  into  the  cork,  pos- 
sessed the  power  of  attracting  light  bodies.  He  found, 
similarly,  that  metallic  wire  and  pack-thread  conducted 
electricity,  while  silk  did  not. 

We  may  repeat  these  experiments  by  taking  (as  in 
Fig.  25)  a  glass  rod,  fitted  with  a  cork  and  a  piece  of 
wood.  If  a  bullet  or  a  brass  knob  be  hung  to  the  end  of 
this  by  a  linen  thread  or  a  wire,  it  is  found  that  when  the 
glass  tube  is  rubbed  the  bullet  acquires  the  property  of 
attracting  light  bodies.  If  a  dry  silk  thread  is  used, 
however,  no  electricity  will  flow  down  to  the  bullet. 

Gray  even  succeeded  in  transmitting  a  charge  of 
electricity  through  a  hempen  thread  over  700  feet  long, 
suspended  on  silken  loops.  A  little  later  Du  Fay 
succeeded  in  sending  electricity  to  no  less  a  distance 
than  1256  feet  through  a  moistened  thread,  thus  proving 
the  conducting  power  of  moisture.     From  that  time  the 
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classification  of  bodies  into  conductors  and  insulators  has 
been  observed. 

Tliis  distinction  cannot,  however,  be  entirely  main- 
tained, as  a  large  class  of  substances  occupy  an  inter- 
mediate ground  as  partial  conductors.  For  example,  diy 
wood  is  a  bad  conductor  and  also  a  bad  insulator ;  it 
is  a  good  enough  conductor  to  conduct  away  the  high- 
potential  electricity  obtained  by  friction,  but  it  is  a 
bad  conductor  for  the  I'elatively  low-potential  electricity 
of  small  voltaic  batteries.     Substances  that  are  very  bad 
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Fig.  25. 

conductors  are  said  to  offer  a  great  resistance  to  the 
flow  of  electricity  through  them.  There  is  indeed  no 
substance  so  good  a  conductor  .as  to  be  devoid  of  resist- 
ance. There  is  no  substance  of  so  high  a  resistance  as 
not  to  conduct  a  little.  Even  silver,  which  conducts  best 
of  all  known  substances,  resists  the  flow  of  electricity  to 
a  small  extent;  and,  on  the  other  hand,  such  a  non-con- 
ducting substance  as  glass,  though  its  resistance  is  many 
million  times  greater  than  any  metal,  does  allow  a  very 
small  quantity  of  electricity  to  pass  through  it.     In  the 
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following  list,  the  substances  named  are  placed  in  order, 
each  conducting  better  than  those  lower  down  on  the  list. 


Silver    .    .    . 

^ 

Copper  .    . 

I  Good  Conductors. 

Other  metals 

Charcoal    .     . 

Water   .    .    . 

.  - 

The  body  . 

-> 

CottoA  .     . 

Dry  wood  . 

[  Parbal  Conductors 

Marble  .    . 

Paper    .    .     . 

- 

Oils  .    .    . 

Porcelain  . 

Wool     .    . 

Silk  .    .     . 

Resin     .    . 

Guttapercha 

Non-Conductors  or 

Shellac  .    . 

.    ^     Insulators. 

Ebonite 

Paraffin      . 

Glass     .    . 

Quartz  (fused) 

Air    .    .    . 

. 

A  simple  way  of  observing  experimentally  whether  a 
body  is  a  conductor  or  not,  is  to  take  a  charged  gold- 
leaf  electroscope,  and,  holding  the  substance  to  be 
examined  in  the  hand,  touch  the  knob  of  the  electro- 
scope with  it.  If  the  substance  is  a  conductor  the  elec- 
tricity will  flow  away  through  it  and  through  the  body 
to  the  earth,  and  the  electroscope  will  be  discharged. 
Through  good  conductors  the  rapidity  of  the  flow  is  so 
great  that  the  discharge  is  pi*actically  instantaneous. 
Further  information  on  this  question  is  given  in  Lesson 
XXXIII. 

31.  Distribution  of  Charge  on  Bodies.  —  If  electri- 
fication is  produced  at  one  part  of  a  non-conducting 
body,  it  remains  at  that  point  and  does  not  flow  over 
the  surface,  or  at  most  flows  over  it  excessively  slowly. 
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Thus  if  a  glass  tube  is  rubbed  at  one  end,  only  that  one 
end  is  electrified.  Hot  glass  is,  however,  a  conductor. 
If  a  warm  cake  of  resin  be  rubbed  at  one  part  with  a 
piece  of  cloth,  only  the  portion  rubbed  will  attract  light 
bodies,  as  may  be  proved  by  dusting  upon  it  through 
a  piece  of  muslin  fine  powders  such  as  red  lead,  lyco- 
podium,  or  verdigris,  which  adhere  where  the  surface  is 
electrified.  The  case  is,  however,  wholly  different  when 
a  charge  of  electricity  is  imparted  to  any  part  of  a  con- 
ducting body  placed  on  an  insulating  support,  for  it 
instantly  distributes  itself  all  over  the  surface,  though  in 
general  not  uniformly  over  all  points  of  the  surface. 

32.  The  Charge  resides  on  the  Surface.  —  A  charge 
of  electricity  resides  only  on  the  surface  of  conducting 
bodies.  This  is  proved  by  the  fact  that  it  is  found 
to  be  immaterial  to  the  distribution  what  the  inte- 
rior of  a  conductor  is  made  of;  it  may  be  solid  metal, 
or  hollow,  or  even  consist  of  wood  covered  with  tinfoil 
or  gilt,  but,  if  the  shape  be  the  same,  the  charge  will 
distribute  itself  precisely  in  the  same  manner  over  the 
surface.  There  are  also  several  ways  of  proving  by 
direct  experiment  this  very  important  fact.  Let  a  hollow 
metal  ball,  having  an  aperture  at  the  top,  be  taken  (as  in 
Fig.  20),  and  set  upon  an  insulating  stem,  and  charged 
by  sending  into  it  a  few  sparks  from  an  electrophorus. 
The  absence  of  any  charge  in  the  interior  may  be  shown 
as  follows:  —  In  order  to  obsei've  the  nature  of  the  elec- 
trification of  a  charged  body,  it  is  convenient  to  have  some 
means  of  removing  a  small  quantity  of  the  charge  as 
a  sample  for  examination.  To  obtain  such  a  sample,  a 
little  instrument  known  as  a  proof-plane  is  employed. 
It  consists  of  a  little  disk  of  sheet  copper  or  of  gilt  paper 
fixed  at  the  end  of  a  small  glass  rod.  If  this  disk  is  laid 
on  the  surface  of  an  electrified  body  at  any  point,  part 
of  the  charge  flows  into  it,  and  it  may  be  then  removed, 
and  the  sample  thus  obtained  may  be  examined  with  a 
gold-leaf  electroscope  in  the  ordinary  way.     For  some 
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purposes  a  m  tull  b  a  1  fastened  to  the  end  of  n  glass 
rod,  is  mo  ii      t  than  a  flat  disk,     [f  audi  a  proof- 

plane  he  apj.1  d  t  til  utaidi!  of  our  electrified  hollow 
ball,  and  tl  t  u  h  d  on  the  knob  of  an  elect  roacope, 
the  gold  lea  e         11  d       "ge,  showing  the  preseoce  of  a 


e!iarge.  But  if  tho  proof-plane  be  carefr.lly  inBerled 
through  the  opening,  and  touched  agaiiiat  tlie  iniiile  of 
the  globe  anil  then  withdrawn,  it  will  be  found  that 
the  iiiaide  ia  destitute  of  electrification.      An  electrified 

I  pewter  mug  will  show  a  similar  result,  and  so  will  even 

L  ft  oytinder  of  gauze  wire. 
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33,  Biot's  Experiment.  —  Blot  proved  tiie  xnme  fact 
in  another  way.  A  copper  ball  was  electrified  and 
insulated.  Two  hollow  lie  mi  spheres  of  copper,  of  a 
larger  size,  and  furnished  witii  glass  handles,  were  then 
placed  together  outside  it  (Fig.  27).  So  long  as  they 
did  not  cotne  into  contact  the  charge  remained  on  the 
inner  sphere ;  but  if  the  outer  shell  touched  the  inner 
sphere  for  but  an  instant,  the  whole  of  the  charge  passed 
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to  the  exterior ;  and  when  the  hemispheres  were  separated 
and  removed  the  iiiuer  globe  was  fomid  to  be  completely 
discharged. 

34.  Further  Explanatioa.  —  Doubtless  the  explana- 
tion of  this  behaviour  of  electricity  is  to  be  found  in  the 
property  previously  noticed  as  possessed  by  either  kind 
of  electrification,  uamely,  that  of  repelling  itself;  heuce 
it  retreats  as  far  as  can  be  from  the  centre  and  remains 
upon  the  surface.  An  important  proposition  concerning 
the  absence  of  electric  force  within  a  closed  conductor  is 
proved  in  Lesson  XXI. ;  meanwhile  it  must  be  noted  that 
the  proofs,  so  far,  are  directed  to  demonstrate  the  absence 
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a  free  charge  of  elecliicity  in  the  iuterior  of  hollow  con- 
'    ductors.     Amongst  other  esperimeats,  Terquein  showed 

that  a  pair  of  gold  leaves  huug  inside  a  wire  cage  could 
.  not  he  made  to  diverge  when  the  cage  was  electrified. 
j  Faraday  coustiucted  a  coiiioa!  hog  of  linen-gauze,  sup- 
k^rted  as  in  Fig.  28,  upon  an  iusulaliug  stand,  and  to 
I  which  silk  stnnge  were  attached,  by  which  it  could  be 
r  turned  inside  out.  It  was  charged,  and  the  charge  was 
vn  hv  lliH  jiroof-plaiie  and  electroscope  to  be  ou  the 

oulitidi!  of  the  bag.    On  turning  it  inside  out  the  elec- 
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tricity  was  once  more  found  outside.  Faraday's  most 
atrikiug  expeiiment  was  made  with  a  hollow  cube, 
measuring  12  feet  each  way,  built  of  wood,  covered  with 

I   tinfoil,  hiaulated,  aud  charged  with  a  powerful  machine, 
}  that  large  sparks  and  briiBhes  were  darting  oS  from 

[  every  part  of  its  outer  surface.     Into  this  cube  Faraday 

I  took  hia  most  delicate  electroscopes ;  but  once  within  he 

p  failed  to  detect  the  least  effect  upon  them. 

38.  Application*.  —  Advantage  is  taken   of  this  in 
the   construction    of  delicate    electrometers  and    utljL>r 
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iustrumenta,  which  can  be  effectually  acreensd  from 
the  iiifiueiice  of  eleotrifled  bodies  by  encloaiui;  them 
ill  a  cover  of  thiti  metal,  closed  all  vouiid,  except  where 
apertures  must  be  runile  for  purposes  of  obser\'atiou. 
Metal  gauze  answers  excellently,  and  is  nearly  trans- 
parent. It  was  proposed  by  tlie  late  Professor  I'lerk 
Maswell  to  protect  buildings  from  lightning  by  coveiing 
tham  on  the  exterior  with  a  netwoi'k  of  wires. 

38.  Apparent  Exceptions.  —  There  are  two  apparent 
exceptions  to  the  law  that  electrification  resides  only  ou 
tlie  outside  of  ooiiductors.  (1)  If  there  are  electrified 
insulated  bodies  actually  placed  inside  the  hollow  con- 
ductor, the  presence  of  these  electriRed  bodies  acte 
inductively  and  attracts  the  opposite  kind  of  charge  to 
the  inner  side  of  the  hollow  conductor.  (2)  When  elec- 
tricity flows  in  a  current,  it  flows  through  the  substance 
of  the  conductor.  The  law  is  limited  therefore  to 
eluetrioity  at  rest, — ^that  is,  to  skillcal  charges. 

37.  Faraday's  "  Ice-pail "  Experiment.  —  One  experi- 
ment of  Faraday  deserves  notice,  as  showing  the  part 
played  by  induction  in  these  phenomena.  lie  gradually 
lowered  a  charged  luetallic  ball  into  a  hollow  conductor 
connected  by  a  wire  to  a  gold-leaf  electroscope  (Fig.  3Q), 
and  watched  the  effect.  A  pewter  ice-pail  being  oon- 
veuient  for  his  purpose,  this  experiment  is  continually 
referred  to  by  this  name,  though  any  other  hollow  con- 
ductor—  a  tin  canister  or  a  silver  rung,  placed  on  a 
glass  support — would  of  course  answer  eij^ually  well. 
The  following  effects  are  observed  :  —  Suppose  the  ball 
to  have  a  -I-  charge;  as  it  is  lowered  into  the  hollow  con- 
ductor the  gold  leaves  begin  to  diverge,  for  the  presence 
of  the  charge  acts  inductively,  and  attracts  a  —  charge 
into  the  interior  and  repels  a  +  charge  to  the  exterior. 
The  gold  leaves  diverge  more  and  more  until  the  ball 
is  right  within  the  hollow  conductor,  after  wliich  no 
greater  divej'gence  is  obtained.  On  letting  tiie  ball 
touch  (he  inside  the  gold  leaves  still  reiuaiu  diverging  as 
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r  before,  und  if  now  the  ball  is  pulled  out  it  is  found  to 

r  have  lost  all  its  elocti'iScation.     The  f^ct  that  the  gold 
leaves  diverge  no  wider  after  the  boll  touched  than  they 

I  did  just  before,  proves 
that  wheD  the  charged 
ball  is  right  iosids  the 

I  hollow  conductor  the 

*  induced    charges    are 

\  each  of  tliein  precisely 

L  equal  in  amount  to  its 
n  charge,  and  the  in- 

[  terior  negative  charge 

[  exactly  neuti'alixes  tlie 
oh&i'ge  on  the  bi^ll  at 

f  the  moment  wlien  they 

,   touch,      leaving      the 
lal  eiterior   charge 

I    unchanged.  An  electric 

I,  cnge,  such  as  this  ice- 
pail,  when  connected 
electroscope 
or  electrometer,  affords  : 


Flg.M. 


s  of  examining 


n  excellent  me: 
I  a  body  small  enough  t 
For  without  using  up  any  of  the  charge  of  the  body 
(which  we  are  obliged  to  do  when  applying  the  method 
of  the  proof-plane)  we  can  examine  the  induced  charge 
repelled  to  the  outside  of  the  cage,  which  ia  equal  in 
amount  and  of  the  same  sign.  If  two  equal  charges  of 
t  opposite  kinds  are  placed  at  the  same  time  within  the 
I  cage  no  effects  are  produced  on  the  outside. 

38.  Diatributlon  of  Charge.  —  A  charge  of  electricity 
k48  not  usually  distributed  uniformly  over  the  surfaces 
Wot  bodieH,  Experiment  shows  that  there  is  more  elec- 
■Vicity  on  the  edges  and  corners  of  bodies  than  upon 
T  their  flatter  parts.  This  distribution  can  be  deduced 
r  from  the  theoi-y  laid  down  in  Lesson  XXJ.,  but  mean- 
I  time  we  will  give  some  of  the  chief  c&ses  aa  they  can  be 
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shown  to  exist.  The  term  Electric  Density  is  used  to 
signify  the  amount  of  electricity  at  any  point  of  a  sur- 
face; the  electric  density  at  a  point  is  the  number  of  units 
of  electricity  per  unit  of  area  (i.e.  per  scjuare  inch,  or  per 
sciuare  centimetre),  the  distribution  being  supjxjsed  uni- 
form over  this  small  surface. 

(a)  Sphere.  —  The  distribution  of  a  charge  over  an 
insulated  spliere  of  conducting  material  is  uniform,  pro- 
vided the  spliere  is  also  isolated,  that  is  to  say,  is  remote 
from  the  i)resence  of  all  other  conductors  and  all  other 
electrified  bodies.  The  density  is  uniform  all  over  it. 
This  is  symbolized  by  the  dotted  line  round  the  sphere 


^'^ 
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in  Fig.  30  a,  which  is  at  an  equal  distance  from  the 
sphere  all  round,  suggesting  an  equal  thickness  of  charge 
at  every  point  of  the  surface.  It  nmst  be  remembered 
that  the  charge  is  not  really  of  any  perceptible  thickness 
at  all ;  it  resides  on  or  at  the  surface,  but  cannot  be  said 
to  form  a  stratum  upon  it. 

(/>)  Cylinder  with  rounded  Ends.  —  Upon  an  elongated 
conductor,  such  as  is  frequently  employed  in  electrical 
apparatus,  the  density  is  greatest  at  the  ends  where  the 
curvature  of  the  surface  is  the  greatest. 

(c)  Two  Spheres  in  contact.  —  If  two  spheres  in  con- 
tact witli  each  other  «are  insulated  and  charged,  it  is  found 
that  the  density  is  greatest  at  the  parts  farthest  from  the 
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point  of  contact,  and  least  in  the  crevice  between  thera. 
If  the  spheres  are  of  unequal  sizes  the  density  is  greater 
on  the  smaller  sphere,  which  has  the  surface  more  curved. 
On  an  egg-shaped  or  pear-shaped  conductor  the  density 
is  greatest  at  the  small  end.  On  a  cone  the  density  is 
greatest  at  the  apex ;  and  if  the  cone  terminate  in  a 
sharp  point  the  density  there  is  veiy  much  greater  than 
at  any  other  point.  At  a  point,  indeed,  the  density  of 
the  collected  electricity  may  be  so  great  as  to  electrify 
the  neighbouring  particles  of  air,  which  then  are  repelled 
(see  Art.  47),  thus  producing  a  continual  loss  of  charge. 
For  this  reason  points  and  sharp  edges  are  always  avoided 
on  electrical  apparatus,  except  where  it  is  specially  desired 
to  set  up  a  discharge. 

(d)  Flat  Disk.  —  The  density  of  a  charge  upon  a  flat 
disk  is  greater,  as  we  should  expect,  at  the  edges  than  on 
the  flat  surfaces ;  but  over  the  flat  surfaces  the  distribu- 
tion is  fairly  uniform. 

These  various  facts  are  ascertained  by  applying  a 
small  proof-plane  successively  at  various  points  of  the 
electrified  bodies  and  examining  the  amount  taken  up  by 
the  proof-plane  by  means  of  an  electroscope  or  electrome- 
ter. Coulomb,  who  investigated  mathematically  as  well 
as  experimentally  many  of  the  important  cases  of  distri- 
bution, employed  the  torsion  balance  to  verify  his  calcu- 
lations. He  investigated  thus  the  case  of  the  ellipsoid  of 
revolution,  and  found  the  densities  of  the  charges  at  the 
extremities  of  the  axis  to  be  proportional  to  the  lengths 
of  those  axes.  He  also  showed  that  the  density  of  the 
charge  at  any  other  point  of  the  surface  of  the  ellipsoid 
was  proportional  to  the  length  of  the  perpendicular  drawn 
from  the  centre  to  the  tangent  at  that  point,  lliess  also 
investigated  several  interesting  cases  of  distribution.  He 
found  the  density  at  the  middle  of  the  edges  of  a  cube  to 
be  nearly  two  and  a  half  times  as  great  as  the  density  at 
the  middle  of  a  face ;  while  the  density  at  a  corner  of  the 
cube  was  more  than  four  times  as  great. 


39.  Redistribution  of  ChorEe.  —  If  any  portion  of  the 
cliarge  of  an  insulated  conductor  l>e  removed,  the  re- 
mainder of  the  charge  nil!  iin  mediately  rediatrihute  itaelf 
over  the  surface  in  the  same  manner  as  the  original 
charge,  provided  it  be  also  isolaied,  i.e.  that  no  other  con- 
ductors or  charged  bodiae  be  near  to  perturb  the  distri- 
bution by  complicated  effects  of  itiiluence. 

If  a  conductor  be  charged  witli  any  quantity  of  elec- 
tricity, and  anotlier  conductor  of  tlie  same  size  and  shape 
(but  uncharged)  be  brought  into  contact  with  it  for  am 
instant  and  then  separated,  it  will  he  found  that  the 
charge  has  divided  itaelf  equally  between  them.  In  the 
same  way  a  charge  may  be  divided  equally  into  three 
or  more  parts  by  being  distributed  simultaneously  over 
three  or  more  equal  and  simitar  conductors  brought  into 
contact  and  symmetricatly  placed. 

If  two  equal  metal  balls,  snapended  by  silk  strings, 
charged  with  unequal  quantities  of  electricity,  ore  brought 
for  an  instant  into  contact  and  then  separated,  it  will  be 
found  that  the  charge  has  redistributed  itself  fairly,  half 
the  sum  of  the  two  charges  being  now  the  charge  of  each. 
This  may  even  be  extended  to  the  case  at  charges  of 
opposite  signs.  Thus,  suppa<>e  two  similar  conductors  to 
be  electrified,  one  with  a  positive  charge  of  5  imita  and 
the  other  with  3  units  of  negative  charge,  when  these  are 
made  to  touch  and  separated,  each  will  have  a  positive 
charge  of  1  unit ;  for  the  algebraic  sum  of  +  5  and  —  3  is 
+  2,  which,  shared  between  the  two  equal  conductors, 
leaves  +  1  for  each. 

40.  Capacity  of  Coudnctors.  — If  the  conductors  be 
unequal  in  si/e,  or  unlilte  in  form,  the  Bharea  taken  by 
each  in  this  redistribution  will  not  he  equal,  hut  will  be 
proportional  to  the  electric  cipaeiiifs  at  the  conductors. 
The  definition  of  capacity  in  its  relation  to  electric 
quantities  is  given  in  LeMoii  XXI.,  Art,  271.  We  may, 
however,  make  the  remark,  that  two  insulated  conductors 
of  the  same  form,  but  of  different  sizes,  differ  in  their 
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1  electrical  aipaciiy ;  for  the  larger  one  must  liave  a  larger 
[  amount  of  electricity  imparted  to  it  iu  order  to  electriiy 
I  its  surface  to  the  aanie  degree.  The  t«rm  potential  is 
employed  in  this  conneKiou,  in  the  following  way;  — A 
1  given  qaautity  of  electricity  will  electrify  an  isolated  body 
o  a,  certain  "  potential "  (or  power  of  doing  electric 
I  work)  depending  on  ita  capacity,  A  large  quantity  of 
I  electricity  imparted  to  a  conductor  of  small  capacity  will 
I  eleotiify  it  up  to  a  very  high  poieniial ;  just  as  a  large 
J  quantity  of  water  pom'ed  into  a  vesael  of  narrow  capacity 
I  will  raise  the  surface  of  the  water  to  a  high  level  in  the 
[■vessel.  The  exact  definition  of  Potential,  in  terms  of 
(energy  sjieiit  against  the  electrical  forces,  is  given  in  the 
[lesson  on  Electrostatics  (Art.  363). 

It  will  be  found  convenient  to  refer  to  a  positively 

I  electrified  body  as  one  electiified  to  a  positive  ot-  high 

wlential;   while   a    uegatively   electrified  body   may   be 

r  looked  mion  as  one  electrified  to  a  low  or  negaltve  polen- 

Aud  just  as  we  take  the  level  of  the  sea  as  a  zero 

level,  and  measiu^  the  heights  of  mountains  above  it, 

and  the  depths  of  mines  below  it, using  the  sea  level  as  a 

convenient  point  of  reference  for  differences  of  level,  so 

we  take  the  potential  of  the  earth's  surface  (for  the  sur- 

,   face  of  the  eartli  is  always  electrified  to  a  certain  degree) 

poieniial,  and  use  it  as  a   convenient   point   ot 

I  reference  fi-ora  which  to  measure  differences  of  electric 

potential. 


Lebsos  V.  —  Eleeli 


11.  For  the  purpose  of  procuring  larger  supplies  of 
I  electricity  than  can  be  obtained  by  the  riihbing  of  a  rod 

lass  or  shellac,  electric  machines  have  been  devised. 
I  All  electric  machines  consist  of  two  parts,  one  for  pro- 
I  during,  the  other  for  collecting,  the  electric  charges.  Ex- 
I  perieiice  has  shown  that  the  quantities  of  4-  and  —  elec- 
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trificatioii  developed  by  friction  upon  the  two  surfaces 
rubbed  against  one  another  depend  on  the  amount  of 
friction,  upon  the  extent  of  the  surfaces  rubbed,  and  also 
upon  the  nature  of  the  substances  used.  If  the  two  sub- 
stances employed  are  near  together  on  the  list  of  electrics 
given  in  Art.  6,  the  electrical  effect  of  rubbing  them 
together  will  not  be  so  great  as  if  two  substances  widely 
separated  in  the  series  are  chosen.  To  obtain  the  highest 
effect,  the  most  positive  and  the  most  negative  of  the 
substances  convenient  for  the  construction  of  a  machine 
should  be  taken,  and  the  greatest  available  surface  of 
them  should  be  subjected  to  friction,  the  moving  parts 
having  a  sufficient  pressure  Jigainst  one  another  compati- 
ble with  the  required  velocity. 

The  earliest  form  of  electric  machine  was  devised  by 
Otto  von  (iuericke  of  Magdeburg,  and  consisted  of  a 
globe  of  sulpliur  fixed  u}X)n  a  spindl(%  and  pressed  with 
the  dry  surface  of  the  hands  while  being  made  to  rotate; 
with  this  he  discovered  the  existence  of  electric  sparks 
and  the  repulsion  of  similarly  electrified  bodies.  Sir 
Isaac  Newton  replaced  Von  (juericke's  globe  of  sulphur 
by  a  globe  of  glass.  A  little  later  the  form  of  the 
machine  was  improved  by  various  German  electricians ; 
Von  Bose  added  a  collector  or  "  prime  conductor,"  in  the 
shape  of  an  iron  tube,  supported  by  a  person  standing  on 
cakes  of  resin  to  insulate  him,  or  suspended  by  silken 
strings ;  Winckler  of  Leipzig  substituted  a  leathern 
cushion  for  the  hand  as  a  rubber ;  and  Gordon  of  Erfurt 
rendered  the  machine  more  easy  of  construction  by  using 
a  glass  cylinder  instead  of  a  glass  globe.  The  electricity 
was  led  from  the  excited  cylinder  or  globe  to  the  prime 
conductor  by  a  metallic  chain  which  hung  over  against 
the  globe.  A  pointed  collector  was  not  employed  until 
after  Franklin's  famous  researches  on  the  action  of  points. 
About  1760  De  la  Fond,  Planta,  llamsden,  and  Cuthbert- 
son,  constructed  machines  having  glass  plates  instead  of 
cylinders.     All  frictional  machines   are,  however,   now 
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obsolete,  haviug  in  recent  years  been  quite  superseded  by 
tbe  modern  Ttijliieiice  Miwhiues. 

42.  The  Cylinder  Electric  Machine.  —  Tlic  Cylinder 
Electiic  Maelnue  consists  of  a  j^lass  cylinder  mounted 
a  a  liorizontal  axis  capable  of  being  turned  by  a  handle. 
Agtuust  it  IB  pressed  from  behind  a  cushion  of  leather 
stuffed  with  horsehair,  the  surface  of  which  is  covered 
vith  a  powdered  amalgam  of  zinc  or  tin.  A  flap  of  silk 
attached  to  the  cushion  passes  over  the  cylinder,  covering 
its  upjier  half.  In  front  of  the  cylinder  stands  the 
"prime  conductor,"  which  is  made  of  metal,  and  usually 


Fig.  31. 

I  of  the  form  of  an  elongated  cylinder  with  hemispherical 
ends,  mounted  upon  a  glMS  stand.  At  the  end  of  the 
prime  conductor  nearest  the  cylinder  is  fixed  a  rod  bear- 
ing a  I'ow  of  fine  metallic  spikes,  reseiiibliiig  in  form  a 
rake;  the  other  end  usually  carries  a  rod  terminated  in 
ft  brass  ball  k  b  Th  g  al  aspe  t  f  the  machine 
ifl  shown  F  g  J]  Wh  th  1  d!  turned  the 
■   friction  betw         I     gla>    a  d  tl  alj,      -coated  sur- 

I  face  of  th        11       p     1         ^      t  ^    trical  action, 

I   electricity  apf  a      g  as  h     ),  tl     glass,  leaving 

the  mbbe   w  th  a  —    h    g       Th    p  aductor  ool- 
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lects  tliia  charge  by  the  folluwing  process: — The  +  ohaige 
being  carried  round  on  the  gloss  acts  iudactively  on  the 
long  iusulated  conductor,  repelling  a  +  charge  to  the  far 
end  i  leaving  the  neai'er  end  —  ly  charged.  Tlie  effect  of 
the  row  of  points  is  to  emit  ft  —  ly  electrified  wind  (see 
Ai't.  47)  towards  the  attracting  4-  charge  upon  the  glass, 
wltich  is  neutralized  thereby;  the  glass  thus  arriving 
at  the  rubtiei-  in  a  neutral  condition  ready  to  be  again 
excited.  This  action  of  the  points  is  sometimes  described, 
though  less  correctly,  by  saying  that  the  poiuta  collect  the 
■+  charge  from  the  glass.  If  it  is  desired  to  collect  also 
tlie  —  charge  of  the  rubber,  the  cushion  must  be  supported 
on  an  insulating  stem  and  provided  ftt  the  back  with  a 
metallic  knob.  It  is,  however,  more  usual  to  use  only 
the  +  charge,  and  to  connect  the  rubber  by  a  cliain  to 
"earth."  so  allowing  the  —  charge  to  be  neutralized. 

43.  The  Plate  Electric  Machine.  —  The  Plate  Maehine, 
as  its  name  implies,  is  construcltid  with  a  circular  plate 
of  glass  or  o£  ebo- 
nite, and  is  usually 
provided  with  two 
pairs  of  rubbers 
formed  of  double 
cushions,  pressing 
the  plate  between 
then),  placed  at  its 
highest  and  lowest 
point,  and  provided 
with  silk  flaps,  each 

quadrant  of  the 
circle.  The  prime 
conductor  is  eitlier 
double  or  curved 
round  to  meet  the 
mtal  diameter,  and  is 
furnished  witli  two  sets  of  spikes,  for  tlie  same  purpose 


Fig  sa 
plate  at  the  two  ends  of  its  horiz 
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as  the  row  of  points  in  the  cylinder  machine.  A  common 
form  of  plate  machine  is  shown  in  Fig.  32.  The  action 
of  the  machine  is,  in  all  points  of  theoretical  interest,  the 
same  as  that  of  the  cylinder  machine.  Its  advantages 
are  that  a  large  glass  plate  is  more  easy  to  construct  than 
a  large  glass  cylinder  of  perfect  form,  and  that  the  length 
along  the  surface  of  the  glass  between  the  collecting  row 
of  points  and  the  edge  of  the  rubber  cushions  is  greater 
in  the  plate  than  in  the  cylinder  for  the  same  amount  of 
surface  exposed  to  friction  ;  for,  be  it  remarked,  when  the 
two  charges  thus  separated  have  collected  to  a  certain 
extent,  a  discharge  will  take  place  along  this  surface,  the 
length  of  which  limits  therefore  the  power  of  the  machine. 
In  a  more  modern  form,  due  to  Le  Roy,  and  modified  by 
Winter,  there  is  but  one  rubber  and  flap,  occupying  a 
little  over  a  quadrant  of  the  plate,  and  one  collector  or 
double  row  of  points,  while  the  prime  conductor  consists 
of  a  ring-shaped  body. 

44.  Electric  Amalgam.  —  Canton,  finding  glass  to  be 
highly  electrified  when  dipped  into  dry  mercury,  sug- 
gested the  employment  of  an  amalgam  of  tin  with  mercury 
as  a  suitable  substance  wherewith  to  cover  the  surface  of 
the  rubbers.  Still  better  is  Kienmayer's  amalgam,  con- 
sisting of  equal  parts  of  tin  and  zinc,  mixed  while  molten 
with  twice  their  weight  of  mercury.  Bisulphide  of  tin 
("  mosaic  gold  ")  may  also  be  used.  These  amalgams  are 
applied  to  the  cushions  with  a  little  stiff  grease.  They 
serve  the  double  purpose  of  conducting  away  the  negative 
charge  separated  upon  the  rubber  during  the  action  of 
the  machine,  and  of  affording  as  a  rubber  a  substance 
which  is  more  powerfully  negative  (see  list  in  Art.  6)  than 
the  leather  or  the  silk  of  the  cushion  itself.  Powdered 
graphite  is  also  good. 

46.  Precautions  in  using  Frictional  Machines.  —  Sev- 
eral precautions  must  be  observed  in  the  use  of  elec- 
trical machines.  Damp  and  dust  must  be  scrupulously 
avoided.     The  surface  of  glass  is  hygroscopic,  hence, 
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except  ill  the  driest  climates,  it  is  necessary  to  warm 
the  glass  surfaces  and  rubbers  to  dissipate  the  film  of 
moisture  which  collects.  Glass  steins  for  insulation  may 
be  varnished  with  a  thin  coat  of  shellac  varnish,  or 
with  paraffin  (solid) .  A  few  drops  of  anhydrous  paraffin 
(obtained  by  dropping  a  lump  of  sodium  into  a  bottle  of 
paraffin  oil),  applied  with  a  bit  of  flannel  to  the  pre- 
viously warmed  surfaces,  hinders  the  deposit  of  moist- 
ure. A  frictional  machine  which  has  not  been  used  for 
some  months  will  require  a  fresh  coat  of  amalgam  on  its 
rubbers.  These  should  be  cleaned  and  warmed,  a  thin 
uniform  layer  of  tallow  or  other  stiff  grease  is  spread 
upon  them,  and  the  amalgam,  previously  reduced  to  a  fine 
powder,  is  sifted  over  the  surface.  In  spite  of  all  pre- 
cautions friction  machines  are  uncertain  in  their  be- 
haviour in  damp  weather.  This  is  the  main  reason  why 
they  have  been  superseded  by  influence  machines,  which 
do  not  need  to  be  warmed. 

All  points  should  be  avoided  in  apparatus  for  frictional 
electricity  except  where  they  are  desired,  like  the  "col- 
lecting "  spikes  on  the  prime  conductor,  to  let  off  a  charge 
of  electricity.  All  the  rods,  etc.,  in  frictional  apparatus 
are  therefore  made  with  rounded  knobs. 

46.  Experiments  with  the  Electric  Machine.  —  With 
the  electric  machine  many  pleasing  and  instructive  ex- 
periments are  possible.  The  phenomena  of  attraction  and 
repulsion  can  be  shown  upon  a  large  scale.  Fig.  33  repre- 
sents a  device  known  as  the  electric  chimes,*  in  which 
two  small  brass  balls  hung  by  silk  strings  are  set  in 
motion  and  strike  against  the  bells  between  which  they 
are  hung.  The  two  outer  bells  are  hung  by  metallic 
wires  or  chains  to  the  knob  of  the  machine.  The  third 
bell  is  hung  by  a  silk  thread,  but  communicates  with  the 
ground  by  a  brass  chain.     The  balls  are  first  attracted  to 

*  Invented  in  1762  by  Franklin,  for  tlio  purpose  of  warning  liiin  of  the 
presence  of  atmospheric  electricity,  drawn  from  the  air  above  his  house  by 
a  pointed  iron  rod. 
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tbo  electrified  outer  belLi,  then  i-epelled,  and,  haring  dis- 
charged themselves  agaiust  tiie  uiiiiisulated  central  bell, 
U'e  again  attracted,  and  so  Tibiate  to  and  fro. 

By  anuther  arrangemeut  aiiiall  figures  or  dolls  cut  out 
of  pith  can  be  made  to  dance  up  and  down  between  a 
jnetal  plate  hung  horizontally 
from  the  knob  of  the  mochirie, 
and  another  flat  plate  an  iiiuh 
or  two  lower  and  < 
eating  with  "earth." 
'  Another  favourite  way  of 
exhibiting  electric  repulaii 
is  by  means  of  a  doll  with 
long  hair  placed  on  the  ma- 
chine ;  the  individual  hairs 
stand  on  end  when  the  ma- 
chine  is  worked,  being  re- 
pelled from  the  head,  and 
from  one  another.  A  paper 
taasel  will  behave  similarly 
if  hung  to  the  prime  con- 
dnctor.  The  most  striking  way  of  showing  this  pheno- 
menon is  to  place  a  person  upon  a  glass-legged  stool, 
making  hini  touch  the  knob  of  the  machine  ;  wiien  the 
machine  ia  worked,  his  hair,  if  dry,  will  stand  on  end. 
Sparks  will  pass  freely  between  a  person  thus  electrified 
and  one  standing  upon  the  gi'ound. 

The  sparks  from  the  machine  may  be  made  to  kindle 
spirits  of  wine  or  other,  placed  in  a  metallic  spoon,  con- 
nected by  a  wire,  with  the  nearest  metallic  conductor 
that  runs  into  the  ground.  A  gas  jet  niay  be  lit  by 
passing  a  spark  to  the  burner  from  the  finger  of  the 
person   standing,  OB  just  described,  upon   an   insulating 

47.  Meet  Of  Points ;  Electric  Wind.  —  The  ffecl  of 
poinU  in  (iiaehargirig  electricity  from  the  surface  of  a  con- 
ddotor  may  be  readily  proved  by  niiinerous  experiments. 
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If  tlie  niacliine  be  in  good  working  order,  and  capable  of 
giving,  say,  sparks  4  inches  long  when  the  knuckle  is 
presented  to  the  knob,  it  will  be  found  that,  on  fastening 
a  fine  pointed  needle  to  the  conductor,  it  discharges  the 
electricity  so  effectually  at  its  point  that  only  the  shortest 
sparks  can  be  drawn  at  the  knob,  while  a  fine  jet  or  brush 
of  pale  blue  light  will  appear  at  the  point.  If  a  lighted 
taper  be  held  in  front  of  the  point,  the  flame  will  be 
visibly  blown  aside  (Fig.  34)  by  the  streams  of  electrified 
air  repelled  from  the  point.     These  air-currents  can  be 


Fit?.  H4. 


felt  with  the  hand.  They  are  due  to  a  nmtual  repulsion 
between  the  electrified  air  particles  near  the  point  and 
the  electricity  collected  on  the  point  itself.  That  this 
mutual  reaction  exists  is  proved  by  the  electric  fly  or 
electric  reaction-mill  of  Hamilton  (Fig.  35),  which  con- 
sists of  a  light  cross  of  brass  or  straw,  suspended  on  a 
pivot,  and  having  the  pointed  ends  bent  round  at  right 
angles.  When  placed  on  the  prime  conductor  of  the 
machine,  or  joined  to  it  by  a  chain,  the  force  of  repulsion 
between  the  electricity  of  the  points  and  that  on  the  air 
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immediately  in  front  ot  them  drives  the  mill  round  ii 


1  which  the  points  a 
'  I  turpeiitiii 


I 


the  direction  opposite  to  that  i 
bent.  It  will  even  rotate  if  ii 
petroleum.  If  the  points  of  the 
fly  are  covered  with  small  ronnd 
lumps  of  wax  it  will  not  rotate, 
as  the  presence  of  the 
vents  the  formation  of  any 
wind  ov  stream  of  electrified 
particles. 

The  electric  wiiid  from  a, 
point  will  produce  a  charge 
upon  the  surface  of  any  insulat- 
ing body,  such  as  a.  plate  of 
ebonite  or  glass,  held  a  few 
inches  away.  The  charge  may 
be  examined  by  dusting  red 
lead    or    lycopodiuni      powdur  p-,^  j^^ 

upon  the  surface.     If  a  slip  of 

glaaa  or  mica  be  interposed  between  the  point  and  the 
surface  against  which  the  wiud  is  directed,  an  electric 
thail'iif  will  be  formed  on   the  surface  at  the  part  so 


46.  Annstiong's  Hydro-Electrical  Macblne.  —  The 
friction  of  a  jet  of  steam  issuing  from  a  boiler,  through 
a  wooden  nozzle,  generates  eleetrioity.  In  reality  it  is 
the  particles  of  condenseil  water  in  the  jet  which  are 
directly  concerned.  Sir  W.  Armstrong,  who  investigated 
this  source  of  electricity,  constructed  a  powerful  appara- 
tus, known  as  the  hydro-electrical  machine,  capable  ot 
producing  enormous  quantitiea  of  electricity,  nnd  yield- 
ing sparks  5  or  G  feet  long.  The  collector  consisted  of 
a  row  of  spikes,  placed  in  the  path  of  the  steam  jets 
issuing  from  wooden  noKxles,  and  was  supported,  togetjier 
with  a  brass  ball  which  served  as  prime  conductor,  npran 
a  glass  pillar. 

49.   Influence  Machines.  —  There  is  anotJiftr  class  of 
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electrical  machine,  difiering  entirely  from  those  we  have 
been  describing,  atid  depending  upon  the  principle  of 
in/luenee.  They  also  have  been  termed  cunveclian-iniiuo- 
tion  machines,  because  they  depend  upon  the  employment 
of  a  minute  initial  charge  which,  acting  by  inftuenoe, 
induces  other  charges,  which  are  then  convnyed  by  the 
moving  parts  of  the  inocliiiie  to  uanie  other  part,  where 
they  cau  be  used  either  to  iiicroase  the  initial  charge  or  to 
furnish  a  supply  of  electrification  to  a  suitable  collector. 
Of  such  instruments  the  oldest  is  the  Electrophuriu,  ex- 
plained fully  ill  Lesson  III.  Benuet,  Nicholson,  Krasinus 
Darwin,  and  others  devised  pieces  of  apparatus  for  aa- 
complishing  by  mechanism,  that  which  the  electrophorus 
accomplishes  by  hand.  Nicholson's  rtvoieing  doiAler,  iu- 
vented  in  1788,  consists  of  a  revolving  apparatus,  iu  which 
an  insulated  carrier  can  be  brought  into  the  presence  of  an 
electrided  body,  there  touched  for  an  instant  while  under 
influence,  then  carried  forward  with  its  acquired  charge 
towards  another  body,  to  which  it  irap.irts  its  charge,  and 
which  iu  turn  acts  inductively  on  it,  giving  it  an  opposite 
charge,  which  it  can  couvey  to  the  first  body,  thus 
iucreaaing  its  initial  charge  at  every  rotation. 

Id  the  m.odern  iufinence  machines  two  principles  are 
embodied:  (1)  the  principle  of  in/iuence,  namely,  that  a 
conductor  touched  while  under  influence  acquires  a  chai^ 
of  the  opposite  kind;  (2)  the  principle  of  reciprocal  accu- 
mulatioa.  This  principle  must  be  carefully  noted.  Let 
there  be  two  insulated  conductors  A  and  R  electrified  ever 
BO  little,  one  positively,  the  other  negatively.  Let  a  third 
insulated  condoctor  C,  which  will  be  called  a  carrier,  be 
arranged  to  move  so  that  it  first  approaches  A  and  then 
B,  and  so  forth.  If  touched  while  under  the  influence 
of  the  small  positive  charge  on  A  it  will  acquire  a  small 
negative  charge ;  suppose  that  it  then  moves  on  and 
gives  this  negative  charge  to  B.  Then  let  it  be  touched 
while  under  the  influence  of  B,  so  acquiring  a  small 
positive  charge.     When  it  returns  towards  A  let  it  give 
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up  this  positive  charge  to  A,  thereby  incTeasing  its 
positive  charge.  Theii  A  will  act  more  powerfully,  and 
on  repeatiDg  the  former  operations  both  B  and  A  will 
become  more  highly  charged.  Each,  accumulates  the 
charges  derived  by  influence  from  the  other.  This  is  the 
fundamental  action  of  the  machines  in  question.  The 
niodem  influence  machines  date  from  1300,  when  C.  F. 
Varley  produced  a  form  with  six  carrieva  mounted  on  a 
rotating  disk  of   glass.     This  waa  followed  in   1865  by 


the  machine  of  Holtn  and  that  of  Toepler,  and  in  1867 
by  those  of  Lord  Kelvin  (the  "  replenisher "  and  the 
"  mousfrmiil ").  The  latest  forma  are  those  of  Mr. 
James  Wimshurat. 

50.  Typical  Conatniction.  —  Before  describing  some 
special  forms  we  will  deal  with  a  generalized  type  of 
machine  liaving  two  fixed  Jield-plales,  A  and  B,  which 
ue  to  become  resjiectively  +  and  — ,  and  a  set  of  earners, 
attached  to  a  rotating  disk  or  armature.     Fig.  30  gives  in 
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a  diagrammatic  way  a  view  of  the  essential  parts.  For 
convenience  of  drawing  it  is  shown  as  if  the  metal  field- 
plates  A  and  B  were  affixed  to  the  outside  of  an  outer 
stationary  cylinder  of  glass ;  the  six  carriers  /?,  q,  r,  s,  t, 
and  u  being  attached  to  the  inside  of  an  inner  rotating 
cylinder.     The  essential  parts  then  are  as  follows :  — 

(i.)    A  pair  oi  Jield-plates  A  and  B. 

(ii.)    A  set  of  rotating  carriers  />,  7,  r,  s,  t,  and  m. 

(iii.)  A  pair  of  neutralizing  brushes  rjj,  Wj  made  of 
flexible  metal  wires,  the  function  of  which  is 
to  touch  the  carriers  while  they  are  under  the 
influence  of  the  field-plates.  They  are  con- 
nected together  by  a  diagonal  conductor^  which 
need  not  be  insulated. 

(iv.)  A  pair  of  appropriating  brushes  a^,  aj,  which  reach 
over  from  the  field-plates  to  appropriate  the 
charges  that  are  conveyed  around  by  the 
carriers,  and  impart  them  to  the  field-plates. 

(v.)  In  addition  to  the  above,  which  are  sufficient  to 
constitute  a  complete  self-exciting  machine,  it 
is  usual  to  add  a  discharging  apparatus^  con- 
sisting of  two  combs  Cj,  Cg,  to  collect  any  unap- 
propriated charges  from  the  carriers  after  they 
have  passed  the  appropriating  brushes ;  these 
combs  being  connected  to  the  adjustable  dis- 
charging balls  at  D. 

The  operation  of  the  machine  is  as  follows.  The 
neutralizing  brushes  are  set  so  as  to  touch  the  moving 
carriers  just  before  they  pass  out  of  the  influence  of  the 
field-plates.  Suppose  the  field-plate  A  to  be  charged  ever 
so  little  positively,  then  the  carrier  p,  touched  by  n^  just 
as  it  passes,  will  acquire  a  slight  negative  charge,  which 
it  will  convey  forward  to  the  appropriating  brush  a,,  and 
will  thus  make  B  slightly  negative.  Each  of  the  carriers 
as  it  passes  to  the  right  over  the  top  will  do  the  same 
thing.     Similarly  each  of  the  carriers  as  it  passes  from 
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I'light  to  left  at  the  lower  aide  will  be  touched  by  tij  while 

Kiuiiler  the  influence  of  the  ~    chiirge  on  B,  and  will 

t  convey  ft  sninll  +  clinrge  to  A  through  the  appropriating 

Fbrush  Aj.     Ill  this  way  A  will  rapidly  become  more  and 

f  more  +,  and  B  more  and  more  —  ;  and  the  more  highly 

iharged  they  become,  the  more  do  the  collecting  comba 

pCj  and  Cj  receive  of  miappropriated  charges.     Sparks  will 

9S  between  the  discharging  knobs  at  D. 

The  machine  will  not  be  self-exciting  unless  there  is  a 

d  metallic  contact  made  by  the  neutralizing  brushes  and 

f  theappropriatingbrusheB.  If  the  discharging  apparatus 

'e  fitted  at  c,,  c^iwith  contact  brushes  instead  of  spiked 

mbs,  the  machine  would  be  liable  to  lose  the  charge  of 

the  fielil-piates,  or  even  to  have  their  charts  reversed  in 

sign  whenever  a  large  spark  was  taken  from  the  knobs. 

It  will  be  noticed  that  tliere  are  two  thicknesses  of 

I^ass  between  the  &KeA  Jidd-jilatei  and  the  rotating  curriers. 
The  glass  serves  not  only  to  hold  the  metal  parts,  but 
^prevents  the  possibility  of  back-discharges  (by  sparks  or 
^iids)  from  the  carriers  to  the  field-plates  as  they  pass. 
The  essential  features  thus  set  forth  will  be  found  in 
Varley's  machine  of  1800,  in  Lord  Kelvin's  "replenisher" 
(which  had  only  two  carriers),  and  in  many  other  machines 
iiichiding  the  apparatus  known  as  Clarke's  "gas-lighter." 
51.  Toepler's  Influence  Machine.  —  In  this  machine, 
SB  constructed  by  Voss,  ai-e  embodied  various  points  due 
to  Holtz  and  others.  Its  coustructtoti  follows  almost 
literally  the  diagram  already  esplained,  but  instead  of 
having  two  cylinders,  one  iusido  the  other,  it  has  two 
flat  dinks  of  varnished  glass,  one  fixed,  the  other  slightly 
■mailer  rotating  in  front  of  it  (Fig.  37).  Tha /elil-plniei 
V  and  B  consist  of  pieces  of  tinfoil,  cemented  on  the 
Back  of  the  back  disk,  each  protected  by  a  coating  of 
parnished  papt^r.  The  carrien  are  small  disks  or  sectors 
tf  tinfoil,  to  the  number  of  six  or  eight,  cemented  to  the 
ront  of  the  front  disk.  To  prevent  thein  fj'orn  being 
rorn  away  by  rubbing  against   the  brushes   a  small 
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inetallic  button  is  attached  to  the  middle  of  each.  The 
ueutralizing  brushes  n,,  n^  are  small  whiaps  of  tine 
Bpringy  braaa  wire,  and  are  mounted  on  the  ends  of  a 
diagonal  condudtor  X.  The  appropriating  brushes  a,,  a, 
are  also  of  thin  brass  wire,  and  are  fastened  to  clamps 
projecting  from  the  edge  of  the  fixed  disk,  so  that  they 
cominunioate  metallically  with  the  two  field-platea.  The 
collecting  combs,  which  liave  brass  spikes  so  short  as  not 
to  touch  the  carriers,  are  mounted  on  insulating  pillars 
and  are  connected  to  the  adjustable  discharging  knobs 
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D,,  I),.  These  alio  caitimiinieate  with  two  sniall  Leyden 
jars  J,,  Jj,  the  function  of  which  is  to  accumulate  the 
charges  before  any  discharge  takes  place.  Tliese  jars  are 
separately  depicted  in  Fig.  38.  Without  them,  the  dis- 
charges between  the  knobs  take  place  in  frequent  thin 
blue  sparks.  With  them  the  sparks  are  less  numerous, 
but  very  brilliant  and  noisy. 

To  use  the  Toepler  (Voss)  machine  first  see  that  all 
the  four  brushes  are  so  set  as  to  make  good  metillio  con- 
tact with  the  carriers  as  they  move  past,  and  that  the 
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neutralizing  brustiea  are  set  so  as  to  touch  the  cai'riera 
while  under  influence.  1'hen  see  that  the  discharging 
knobs  are  drawn  widely  apart.  Set  the  machine  in 
rotation  briskly.  If  it  is  clean  it  should  excite  itself 
after  a  couple  of  tui'ns,  and  will  emit  a  gentle  hissing 
sound,  du^»  internal  discharges  (visible  as  blue  glimmers 
in  the  dark),  and  will  offer  more  resistance  to  turning. 
If  then  the  knobs  are  pushed  nearer  together  sparks  will 
pass  across  between  them.  The  jars  (the  addition  of 
which  we  owe  to  Iloltz)  should  be  kept  free  from  dust. 
Sometimes  a  pair  of  terminal  screws  are  added  at  S,,  S^ 
(Fig.  38),  connected  respectively  with  the  outer  coatings 
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of  the  jars.  These  are  convenient  for  attaching  wires  to 
lead  away  discharges  for  experiments  at  a  distance.  If 
not  30  used  they  should  be  joined  together  by  a  short 
wire,  as  the  two  jars  wiU  not  work  properly  unless  their 
outer  coatings  are  connected. 

52.  Wimshnrst's  Influence  Machine.  ■ —  In  this,  the 
most  widely  used  of  influence  machines,  there  are  no 
fixed  field-plates.  In  its  simplest  form  it  consists  (Fig. 
39)  of  two  circular  plates  of  varnished  glass,  which  are 
geared  to  rotate  in  opposite  directions.  A  number  of 
sectors  of  metal  foil  are  cemented  to  the  front  of  the 
front  plate  and  to  the  back  of  the  back  plate ;  these 
sectors  serve  both  as  carriers  and  as  inductors.    Across 
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Uie  front  is  fixed  an  luiinsulatied  diaguiial  ctmilucUii', 
carrying  at  its  ends  neutrali/ing  Uniahes,  wliieh  toucb 
the  fi'ont  8t<ctors  as  they  p&ns.  Across  the  back,  but 
sloping  the  other  nay,  is  a  second  diagonal  conductor, 
with  brushes  that  touch  the  sectors  on  the  hinder  plate. 
Notliing  more  than  this  is  ueeded  for  the  t^achiiie  to 
excite  itself  when  set  in  I'otatioa ;  but  for  u 


there  is  added  n  collecting  and  discharging  apparatus. 
This  consists  of  two  pairs  of  insulated  combs,  each  pair 
having  its  spikes  turned  inwards  toward  the  revolving 
disks,  but  not  touching  them;  one  pair  being  on  the 
light,  the  other  on  the  left,  mounted  each  on  an  insulat- 
ing pillar  of  ebonite.  These  collectors  are  furnished 
with  a  pair  of  adjustable  discharging  knobs  overhead; 
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uptimes  a  ]>air  of  Ijevlen  jari  ia  allied,  to  prevent 
fthe  Npaiks  from  pissing  until  LOiisideraUle  quantilies  of 
I  aharge  have  been  collecled 

Tlie  processes  that  occur  in  this  machine  are  best 
texplained  b\  aid  of  i  diigrim  (Fig.  40),  in  wliich,  for 
r  greater  clearness,  tlie  tno  lot^liiij,  plates  are  reprefieiited 


r  as  though  they  were  two  cylindera  of  gl-iss  rotat  ng 
opposite  ways,  one  inside  the  other.  Tl  e  i  er  cybnder 
will  represent  the  front  plate,  the  outer  the  hick  plate 
In  Figs.  S9  ftnd  40  the  front  plate  rotates  r  ght-ha  dedly 
the  liack  plate  leftrhttndedly.  The  neutral  z  ^  Ir  ihes 
ig  touch  the  front  sectors,  while  nj  n^  t       I    aj,a     it 

vttie  buk  sectors. 


Now  suiipitHe  any  uiie  of  Um  Iniuk  sectorH  represented 
uear  the  top  of  the  dUgraui  to  receive  a.  slight  positive 
charge.  As  it  is  moved  onwaid  toward  the  left  it  will 
come  opposite  the  plaue  where  one  of  the  front  Bectoca  is 
moviug  pa£t  the  brush  n,.  The  result  will  be  that  the 
BBotor  so  touched  while  uuder  iiifliieiK.'e  by  n,  will  acquire 
a  slight  negative  charge,  which  it  will  coiry  onwards 
toward  the  right.  When  this  negatively-charged  front 
sector  arrives  at  a  point  opposite  n,  it  acts  inductively  on 
the  back  sector  which  is  being  touched  by  n^;  henoe 
this  back  sector  will  in  turn  acquire  a  positive  charge, 
which  it  will  carry  over  to  the  left.  In  this  way  all  the 
sectors  wil!  become  mora  and  more  highly  charged,  the 
front  sectors  carrying  over  negative  charges  from  left  to 
riglit,  and  the  back  sectors  carrying  over  positive  charges 
from  ri)rht  to  left.  At  the  loner  half  of  the  diagram  a 
similar  but  inverse  set  of  operations  will  l>o  taking  place. 
For  when  u,  touches  a  front  sector  under  the  influence  of 
a  positive  back  sccUir,  a  repelled  charge  will  travel  along 
the  diagonal  conductor  to  n^  helping  to  charge  positively 
the  sector  which  it  touches.  Tlie  front  sectors,  as  they 
pass  fi'om  right  to  left  (in  tlie  lower  Iialf),  will  cari'y 
Xwaitive  charges,  while  tlie  back  sectors,  after  touching 
n^,  will  carry  negative  cliargea  from  left  to  right.  The 
tuetttl  sectors  then  act  both  na  carriers  and  as  inductors. 
It  is  clear  that  there  will  be  a  continual  carrying  of  posi- 
tive charges  toward  the  right,  and  of  negative  charges 
to  the  left.  At  these  points,  toward  which  the  opposite 
kinds  of  charges  travel,  are  placed  the  collecting-i:oaibs 
communicating  with  tlie  discharging  knobs.  The  latter 
ought  to  be  opened  wide  apart  when  starting  the  machine, 
aud  moved  together  after  it  has  excited  itself. 

In  larger  Wimahurst  influence  machines  two,  three, 
or  more  pairs  of  oppositely-rotating  plates  are  mounted 
within  a  glass  case  to  keep  off  the  dust.  If  the  neutral- 
izing brushes  make  good  metallic  contact  these  machines 
are  all  self-exciting  iu  all  weathers.    Machines  with  only 
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X  or  eight  sectora  on  each  plate  give  longer  sparks,  but 
\  laea  frequently  than  those  that  have  a.  greater  number. 
I  Mr.  Wiiuahui-st  ha«  desigued  mauy  influence  machiues, 
I  froiu  smaili  ouea  with  diska  2  inches  across  up  to  that  at 
L  South  Kensington,  wliich  haa  plates  7  feet  in  diatiietar. 

Prior  to  VVimaliurat's  iiiachiue  Holtz  had  constructed 
I  one  with  two  oppositely-rotating  glass  disks;   but  they 
"  ltd  no  metal  oarriei-a  upon  them.    It  was  not  self-exciting. 
53.  Holtz's  Influence  macklnB.  —  Tlie  Uoltz  machine 
I    its    tjpiciil    form    luid    tlie    following    peculiarities, 
I   There  were  no  metal   caiTJurs  upon  tlie   rotating  plate, 
I  hence  another  mode  of  cliargiiig  it  had  to  be  adopted  in 
1  lieu  of  touching  conductors 
I  while     under     influence, 
will    be    seen.      The 
I  field-plates  A  and  1!  (Fig. 
'  41)    were    of    varnished 
I  paper  —  a  poor  conductor 
—  fastened  upon  the  back 
of  the  fixed  disk.     In  the    , 
fixed   disk    of    glass, 
which  the  field-platea  were 
mounted,  there. were  cut 
two  windows  or  openings, 
through  which  there  pro- 
jected from  the  field-plates  two  pointed   paper  tongues, 
which   took  the   place   of   appropriating   brushes.      The 
L  discharging  fcnobs  were  inserted  in  the  neutralizing  cir- 
I  -GUit  which  united  two  metal  combs  with  pointed  spikes, 
1  situated  in  front  of  the  rotating  front  disk,  opposite  the 
I  two  field-plates.     There  was  (at  iirst)  no  diagonal  con- 
ductor.    It  will   be  noted   that  while  the  conibs,  which 
I   served  both  as  neutralizing  and  collecting  combs,  were  in 
front  of   the   rotating  plate,  the  appropriating  tongues 
were  situated  at  the  back  of  the  same.    Fig.  il  is  a 
view  of  the  machine  from  behind.    The  machine  was 
not  self-exciting.    In  operating  it  the  following  proeediu'a 


rig.  41. 


was  used :  first  the  two  discliarging  kiiolis  were  put 
together,  then  the  front  disk  was  set  into  rapid  rotation. 
While  BO  rotating  a.  smalt  initial  charge  was  comDiani- 
cated  to  one  of  the  field-plates  by  holding  to  it  a  rubbed 
piece  of  ebonite  or  giasa,  or  by  sending  itjto  it  a  spark 
from  a  I.eyden  jar.  Ttiereupon  the  machine  charged 
itself,  and  began  to  eniit  pale  blue  sparks  from  the  pointa 
of  the  combs  and  tongues  with  a  liiasiiig  sourid.  On  then 
drawing  apart  the  dificharging  knobs,  a  torrent  of  sparks 
rushed  across. 

These  arrangements  being  known,  it  is  not  difficult 
to  follow  the  action  of  the  machine,  provided  it  is  once 
understood  that  the  whole  opei'atioii  depends  upon  the 
circumstance  that  the  surface  of  a  non-conducting  body 
such  as  glass  can  be  electrified  by  letting  off  against  it 
ail  electric  wind  frotn  a  point  placed  near  it  (see  Art.  47). 
Suppose  that  a  small  initial  +  charge  is  given  to  A.  This 
will  operate  by  influence  upon  the  metal  parts  imme- 
diately opposite  it,  and  cause  the  spikes  to  become  elec- 
trified negatively,  and  to  give  off  a  negatively  eleotrifled 
wind,  which  will  charge  the  face  of  the  rotating  plate, 
these  charges  being  then  carried  over  to  the  other  side, 
where  the  spikes  of  tlie  other  comb  will  be  emitting  a 
positively  electrified  wind.  The  pointed  tongues  which 
project  towards  the  back  of  the  rotating  disk  also  let  off 
winds,  the  tendency  being  always  for  them  to  charge  the 
hack  of  the  plate  with  a  charge  of  opposite  sign  from 
that  wliioh  is  coming  toward  Ihem  on  the  front.  If 
negative  charges  are  being  carried  over  the  top  on  the 
front,  then  the  tongue  of  B  will  tend  to  let  off  a  positive 
charge  against  tlie  back,  thereby  leaving  B  more  negative. 
In  the  same  way  the  tongue  of  A  will  let  off  a  negatively 
electrified  wind,  making  A  more  positive,  so  building  up 
or  accumulating  two  opposite  kinds  of  charges  on  the 
two  field-plates.  This  action  will  not  occur  unless  the 
moving  plate  rotates  in  the  direction  opposite  to  that  in 
which  the  two  tongues  point. 
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The  defects  of  the  Holtz  machine  were  that  it  was  ho 
gensitivfl  to  damp  weather  as  to  be  imreliahle,  that  it  was 
apt  suddenly  to  reverse  its  cliarge.s,  and  that  the  electric 
-winds  by  which  it  operated  could  not  be  produced  with- 
out B.  sufficiently  great  initial  charge. 

In  later  Holta  machines  a  number  of  rotating  disks 
fixed  upon  one  comnion  axis  were  employed,  the  whole 
being  enclosed  in  a  glass  case  to  prevent  the  access  of 
damp.  A  amajl  disk  of  ebonite  was  sometimes  fixed  to 
the  same  axis,  and  provided  with  a  rubber,  in  oi'der  to 
keep  up  the  initial  charge  by  friction.  Holtz  constructed 
many  forms  of  machine,  including  one  with  thirty-two 
plates,  besides  machines  of  a  second  kind  having  two 
glass  plates  rotating  in  oppoiiite  directiotis. 

The  IT0IU  machine,  as  indeed  every  kind  of  influence 
lachine,  is  rei'ergible  in  its  action ;  that  is  to  say,  that  if 
a  continuous  supply  of  the  two  electricities  (furnished  by 
another  machine)  be  communicated  to  the  armatures,  the 
movable  plate  wili  be  thereby  set  in  rotation  and,  if 
'  allowed  to  run  quite  freely,  will  turn  in  on  opposite  sense. 
Bighi  siiowed  that  a  Ifollz  machine  can  yield  a  con- 
tinnous  current  tike  a  voltaic  battery,  the  strength  of 
the  current  being  nearly  proportional  to  the  velocity  of 
rotation.  It  was  found  that  the  electromotive-force  of  a. 
roachins  was  equal  to  that  of  52,000  Daniell's  cells,  or 
nearly  33,000  volts,  at  all  speeds.  The  resistance  when 
the  machine  made  120  revolutions  per  minute  was  2810 
million  ohms;  but  only  646  million  ohms  when  making 
450  revolutions  per  minute. 

64.  Experiments  with  Influence  Machines.  —  The 
experiments  described  in  Art.  4:3,  and  indeed  all  those 
usually  made  with  the  old  frictional  macliines,  includ- 
ing the  charging  of  Leydeu  jai's,  can  be  performed 
by  the  aid  of  iiitluencc  machines.  In  some  cases  it  is 
well  to  connect  one  of  the  two  diaoharging  knobs  to  the 
euth  by  a  wire  or  chain,  and  to  take  the  discharge  from 
the  other  knob.     To  illuminate  small  vacuum  tubes  they 
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may  be  connected  by  guttapercha-covered  wires  to  the 
two  discharging  knubs,  or  to  the  terminals  S,,  S,  of 
l''ig.  38.  The  curious  proiKsrty  of  tie  electric  discliarge 
from  a,  point  in  collecting  dust  or  fumes  is  readily  shown 
by  connecting  by  a  wire  a  naedle  which  ia  introduced 
into  a  bell-jar  of  glass.  The  latter  ia  filled  with  fumes 
by  burning  iiiflide  it  a  bit  of  magnesium  wire,  or  of  brown 
paper.  Thm  uu  turning  the  handle  of  the  influence 
niacliine  the  fumes  are  at  once  deposited,  and  the  air  left 


Lebson  VI. —  The  Leyden  Jar  and  other  Cemdenaera 

66.  It  waa  shown  in  previous  lessons  that  the  opjioaite 
charges  of  electricity  attract  one  another;  tliat  i^li'ctrioity 
cannot  flow  through  gloss;  and  that  yet  i^lniti icily  can 
ucfanroM glass  by  influence.  Two  suspended  piLli-l>allN.  one 
electiified  positively  and  the  other  negatively,  will  utti-act 
one  another  across  the  intervening  air.  If  a  plate  of  glass 
be  put  between  tliein  they  will  still  attract  one  iinother, 
though  neither  they  themselves  nor  the  electric  aharges 
on  them  can  pass  through  the  glass.  If  a  pith-halt 
electrified  with  a.  —  charge  be  hung  inside  a  dry  glass 
bottle,  and  a  rubbed  glass  I'od  be  held  outside,  the  pith- 
ball  wiU  rush  to  the  side  of  the  bottle  nearest  to  the  glass 
rod,  being  attracted  by  the  -{-  charge  thus  brought  near  it. 
If  a  pane  of  glass  be  taken,  and  a  piece  of  tinfoil  be  stuck 
npon  the  middle  of  each  face  of  the  pane,  and  one  piece 
of  tinfoil  be  charged  positively,  and  the  other  negatively, 
the  two  charges  will  attract  one  another  across  the  glass, 
and  will  no  longer  ba  found  to  be  free.  If  the  pane  is 
Bet  up  on  edge,  so  that  neither  piece  of  tinfoil  touches  the 
table,  it  will  be  found  that  hardly  any  electricity  can  be 
got  by  merely  touching  either  of  the  foils,  for  the  charges 
are  "bound,"  ao  to  speak,  by  each  other's  attractions; 
each  charge  ia  inducing  the  other.     In  fact  it  will  be 
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iounii  that  these  two  pieces  of  tinfoil  may  be,  iu  thia 
manner,  charged  iv  great  deal  more  strongly  than  either  of 
them  could  possibly  be  if  it  were  stuck  to  a  piece  of  glaas 
alone,  and  tlien  electrified.  In  other  words,  the  capacity 
of  a  conduclor  is  greatly  increaned  when  it  iepluced  near  loa 
canduclor  electrified  mih  the  opposite  kind  nf  charge.  If  its 
cspatHty  is  ineveaaed,  a  greater  quantity  of  electricity  may 
be  pnt  into  it  before  it  b  charged  to  an  equal  degree  c^ 
potential.  Hence,  hucIi  an  arrangement  for  holding  a 
large  quantity  of  electrification  may  be  called  a  condenser, 
of  electricity. 

66.  Condenaera.  —  Next,  snppose  that  we  have  two 
brass  disks,  A  and  B  (Fig.  43),  set  upon  insulating  stems, 
and  that  a  glass  plate  is  placed  between  theni.  Let  B  be 
connected  by  a  wire 
to  the  knob  of  an 
electrical  machine, 
and  let  A  be  joined 
byawire  to  "earth." 
The  +  charge  upon 
B  will  act  induc- 
tively across  the  , 
glass    ptate    on    A, 

and  will  repel  elec-  Fig,  4a. 

tricitj  into  the  earth, 

leaving  the  nearest  face  of  A  negatively  electrified.  This 
~-  cliai'ge  on  A  will  attract  the  +  charge  of  B  to  the  side 
nearesttheglass.audafreshaupply  of  electricity  will  come 
from  the  machiue.  Thus  this  arrangement  will  become  a 
condenser.  If  the  two  brass  disks  are  pushed  up  close  to 
the  gloss  plate  there  will  be  a.  still  stronger  attraction 
between  the  +  and  —  charges,  because  they  are  now  nearer 
one  another,  and  the  inductive  action  will  l>egi'eat«r;  hence 
a  still  larger  quantity  can  he  accumulated  iu  the  plates. 
We  see  then  that  the  capacity  of  a  condenser  is  increased 
by  bringing  the  plates  near  together.  If  now,  while  the 
disks  are  strongly  charged,  the  wires  are  removed  and  tho 
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disks  are  drawn  backwards  from  one  another,  the  two 
chaises  will  not  hold  one  another  bound  bo  strongly,  and 
there  will  be  tuore  free  electrification  tlian  beforeovar  their 
surfaces.  Tliis  would  be  rendei'ed  evident  to  the  experi- 
menter by  the  little  pith-ball  electroscopes  fixed  to  them 
(see  the  Fig.)'  which  would  By  out  hs  the  bvaea  disks  were 
moved  apwl.  We  have  put  uo  further  cliarge  on  the 
di«k  ti,  and  yet,  fniin  the  indications  of  the  electroscope, 
WB  Bhould  conclude  that  by  moving  it  away  from  disk  A 
it  has  become  electrified  to  a,  higlier  degree.  The  fact  is, 
that  while  the  conductor  It  was  near  the  —  charge  of  A 
the  ertpnciiy  o!  R  was  greatly  increased,  but  on  moving  it 
away  from  A  its  capacity  Iim  diminished,  and  hence  the 
same  quantity  of  electricity  now  electrifies  it  to  a  higher 
degree  than  before.  The  presence,  therefore,  of  an  earth- 
connected  plate  near  an  Insulated  conductor  increases  its 
capacity,  and  permits  it  to  accumidnte  a  greater  charge 
by  attracting  and  condensing  the  electricity  njion  the  face 
nearest  the  earth-plate,  the  surface-density  on  this  face 
being  therefore  very  great ;  hence  the  appropriateness  of 
the  term  condenser  as  applied  to  the  arrangement.  It  was 
fonnei'Iy  also  called  an  accumulator ;  but  the  term  aeca- 
mulalor  is  now  reserved  for  the  special  kind  of  battery  for 
storing  the  energy  of  electric  currents  (Art.  4S2}. 

The  stratum  of  air  between  the  two  disks  will  suffice 
to  insulate  the  two  charges  one  fiom  the  other.  The 
bram  disks  thus  separated  by  a  stratum  of  air  constitute 
a.n  air-condenser,  or  air-leyden.  Such  condensers  were 
first  devised  by  Wilcke  and  Aepinus.  In  these  experi- 
ments the  sheet  of  glass  or  layer  of  air  acts  as  a  dielectric 
(Art.  296)  conveying  the  in<luctive  action  through  its 
substance.  All  dielectrics  are  insulators,  but  equally 
good  insulators  are  not  necessarily  equally  good  dielec- 
trics. Air  and  glass  are  far  bettei'  insulators  than  ebonite 
or  paraflin  in  the  sense  of  being  much  worse  conductors. 
But  Infiuence  acts  more  strongly  across  a  slab  of  glass 
than  across  a  slab  of  ebonite  or  parafiin  of  equal  thickness. 
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and  better  fitill  across  these  than  acrosH  a  layer  of  air.  la 
other  words,  glass  is  a  belter  dielectric  thnii  ebonite,  or 
paraffin,  or  air,  as  it  possesses  a  higher  inductive  capacity. 
It  will  theu  be  seen  that  in  the  act  of  charging  a  cou- 
denser,  as  cauch  electricity  flows  ont  at  one  aide  as  flows 
in  at  ihe  other. 

57.  Diaplacement.  —  Whenever  electric  forces  act  on 
a  dielectric,  teiidmg  to  drive  electricity  in  at  one  side  and 
out  at  the  other,  we  may  draw  lines  of  force  through  the 
dielectric  in  the  direction  of  the  action,  and  we  may  con- 
sider tubular  spaces  mapped  out  by  such  lines.  We  may 
consider  a  tube  of  electric  force  having  at  one  end  a 
definite  area  of  the  positively  charged  surface,  and  at  the 
other  end  aa  area  of  the  negatively  charged  surface. 
These  areas  may  be  of  different  size  or  shape,  but  the 
quaotities  of  +  and  —  electrification  over  them  will  he 
equaL  The  quantity  of  electricity  which  has  apparently 
been  transferred  along  the  tnbe  was  called  by  Maiwell 
"the  displacemeni ,"  In  non-conductors  it  is  proportional 
to  the  electromotive-force.  In  conductora  electromotive 
forces  produce  curi-euts,  which  may  be  regarded  as  dis- 
placements which  increase  continaously  with  time.  In 
certain  crystalline  media  the  displacement  does  not  take 
place  exactly  in  the  direction  of  the  electric  force :  in 
this  case  we  should  speak  of  tubes  of  influence  rather 
than  tubes  of  force.  A  unit  tube  will  be  bounded  at  its 
two  ends  by  unit  charges -J- and  — .  We  may  consider 
the  whole  electric  field  between  positively  and  negatively 
charged  bodies  as  mapped  out  into  such  tubes. 

58.  Capacity  of  a  Condenser.  —  It  appears,  therefore, 
that  the  capacity  of  a  condenser  will  depend  upou  — 

(1)  The  sine  and  form  of  the  metal  plates  or  coatings. 

(2)  The  thinness  of  the  stratum  of  dielectric  between 

tliem ;  and 
(.^)  The  dielectric  capacity  of  the  material. 

59.  The  Leyden  Jar.  —  The  Leyden  jar,  called  after 
the  city  where  it  was  invented,  is  a  convenient  form  of 
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condenser.  It  usually  consists  (Kig.  43)  uf  a  glass  jar 
coated  up  to  n  certain  heigiit  on  tlie  iiisidt!  and  ontaide 
with  tinfoil.  A  bi'Fiss  kuob  fixed  on  the  end  of  a  stout 
brass  wire  passes  downward  through  a  lid  or  top  of  dry 
well-varnislied  wood,  and  coLuiuiiuicates  by  a  loose  bit  of 
brass  chain  \vith  tlie  inner  uoatiiig  of  foil.  To  chai^  the 
jar  the  knob  is  held  to  tliB  prime  conductor  of  an  eleotiical 
machine,  the  outer  uoatiug 
being  either  held  in  tlie  baud 
or  connected  to  "  earth  "  by  a 
wire  or  chain.  Wheu  a  + 
charge  of  electricity  ia  iin~ 
parted  thus  to  the  inner  coat- 
ing, it  acts  inductively  on  tim 
outer  coating,  attracting  a  — 
I'liiiri^'u  into  the  face  of  the 
oii(i'!' coating  nearest  the  glass, 
^ni'lrcpellinga  +  charge  to  the 
i'lilside  of  the  outer  coating, 
and  thence  through  the  hand  or  wire  to  earth.  After 
a  few  moments  the  jar  will  have  acquired  its  full 
charge,  the  outer  coating  being—  and  the  iimor+.  If 
the  jar  is  of  good  glass,  and  dry,  and  hen  from  dust,  it 
will  i-etaiu  its  cliarge  for  many  hours  or  days.  Sut  if  a 
path  bs  provided  by  which  the  two  mutually  attracting 
electricities  can  flow  to  one  another,  tliey  will  do  bo,  and 
the  jar  will  be  instantaneously  discharged.  If  the  outer 
coating  be  grasped  with  one  hand,  and  the  knuckle  of  the 
other  hand  he  presented  to  the  kuob  of  tlie  jar,  a  bright 
spark  will  pass  between  the  knob  and  the  knuckle  with 
a  sharp  report,  and  at  the  same  moment  a  convulsire 
"shock"  will  be  communicated  to  the  muscles  of  the 
wrists,  elbows,  and  shoulders.  A  naier  means  of  dis- 
charging the  jar  is  afforded  by  the  discharging  tonga 
or  discharger  (Fig.  41),  wliich  consists  of  a  jointed  brass 
rod  provided  with  bi'ass  knobs  and  a  glass  handle.  One 
knob  is  laid  ^;aiiist  the  outer  coating,  the  other  is  then 
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brought  near  the  knob  of  tlie  jar,  and  a  bright  snapping 

spnrk  leaping  from  knob  to  knob 

accumulated    charges    have    flowed 

together,   completiug    the   discharge. 

Sometimee  a  jai-  discharges  itself  by 

a  spark  climbing  over  the  top  edge  of 

Uie  jar.  Ofteu  when  a  jar  is  well 
I  charged  a  liissing  souud  ia  heard,  due 
'  to  [lartial  diBcharges  creeping  over 
<  tlie  edge,  Thej  can  be  seen  in  the 
\  dark  as  pale  plioKphorascent  streams. 

60.  Discovery  of  the  Lejden  Jar. 
—  The  discovery  of   the   J.eyden  jar 

I  arose  from  the  attempt  of  Muescheo- 

I  bruek  and  his  pupil  Cuneua  *  to  col- 

I  lect  the  supposed  electric  "  fluid  "  in  a  bottle  half  filled 
with  water,  which  was  held  in  the  hand  and  was  provided 
■with  a  nail  to  lead  the  "fluid  "  down  through  the  cork 

I  to  the  wat«r  from  the  electric  macliii^e.     Here  the  water 

L  served  ns  an  inner  coating  and  the  hand  as  aii  outer 
coating  to  the  jar.  Cuneus  on  touching  the  nail  received 
'  It  shock.     This  accidental  discovei'y  created  the  gieatest 

.    flxclCeinent  in  Europe  and  America. 

61.  Residual  Charges.  — If  a  I^yden  jar  be  charged 
I    and  discharged  and  then  left  for  a  little  time  to  itself, 

it  will  be  found  on  again  discharging  that  a  small 
.   Becoiid  Bpavk    can   he   obtained.     Tiiei'e    is  in    fact  a 

residual  charge  which  seems  to  have  soaked  into  tjie 
I  glass  or  been  absorbed.  The  return  of  the  residual 
.  charge  is  hastened  fay  tapping  the  jar.  The  amount  of 
L  the  residual  charge  varies  with  the  time  that  the  jar  has 
I  'tieen  left  charged  \  it  also  depends  on  the  kind  of  the 
J.glftss  of  which  the  jar  is  made.  There  is  no  residual 
■  charge  ilinadverftble  in  an  air-Ieyden  after  it  has  once 
P'lweu  discharged. 


I  .fililuip  of  FvipcrsiiM. 
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02.  Batteries  of  Leyflen  Jars.  ^  A  large  Leydea  jar 
will  give  a  more  powerful  sliock  than  a  small  one,  for  a 
larger  charge  can  be  put  into  it ;  ita  capacity  is  greater. 
A  Leyden  jar  made  of  tiiin  glass  has  a  giealer  oapaoity 
as  a  condenser  than  a  thick  one  of  the  same  size;  but  if 
it  is  too  thiu  it  will  be  deeti-oyed  wheu  powerfully  obarged 


by  a  spark  actually  piercing  the  glasa.  "Toughened" 
gluHS  is  less  easily  pierced  than  ordinary  glasa,  and  hence 
Leyileii  jars  made  of  it  may  be  made  thinner,  and  so  mil 
hold  a  greater  charge.  To  prevent  jars  from  being  pieroed 
by  a  spark,  the  highest  part  of  the  inside  coating  should 
be  connected  across  by  a  strip  of  foil  or  a  metallic  disk 
to  the  central  wire. 

If  a  jar  is  desired  to  give  long  tparks,  tjiete  must  be 
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a,  long  space  of  vamislied  glass  above  tha  top  of  the 
ooatiogH. 

If  it  is  deaired  to  accumulate  a  very  great  charge  of 
electridtj,  a  nuinher  of  jara  must  be  employed,  all  their 

I  inner  coatings  being  counected  together,  and  all  their 
outer  coatings  being  united.     This  arrangement  is  called 
«  battery  of  Leyden  jars,  or   Leydeu   battery  (Fig.  45). 
Ab  it  has  a  large  capacity,  it  wiE  reijuire  a  large  quantity 
td  electricity  to  charge  it  fully.     When  charged  it  pro- 
ducea  very  powerful  effects;   its   spark  will  pierce  glass 
foadily,   and   every   care    must   be 
taken  to   avoid  a  shock   from  it 
passing  through  the  person,  as  it 
might  be  fatal.     The  "  Universal 
Discharger"  as  employed  with  the 
^^^  Leyden  battery  is   shown    at   the 
^^K  light  of  the  figure, 
^^■i      63.   Seat  of  the  Charge.  —  Beii- 
^^^FjAmin  Franklin  discovered  that  the 
^^^  chaises   of   the   Leyden   jar  really 
reside  on  the  surface  of  the  glass, 
not  on  the  metallic  coatings.     This 
he  proved  by  means  of  a  jar  whose 

■Boatings  could  be  removed  (Fig. 
W)-  The  jar  was  charged  and 
placed  upon  an  insulating  stand. 
The  inner  coating  was  then  lifted 
out,  and  the  glass  jar  was  then 
taken  oat  of  the  outer  coating. 
Neither  coating  was  found  to  be 
_  petrified  to  any  extent,  but  on  Fifr  40. 

Igain  putting  the  jar    together   it 

iS  found  to  be  highly  charged.    The  charges  had  all  tlio 
e  remained  upon  the  inner  and  outer  surfaces  of  the 
l^laas  dielectric. 

IMelectric  Strain.  —  Farady  proved  that  the  me- 
cross  wliich  inBuence  takes  place  really  plays  an 
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iiiiI>ortant  part  in  the  phenomena.  It  is  now  known 
that  all  dielectrics  across  which  inductive  actions  are  at 
work  arc  thereby  strained.*  Inasmuch  as  a  good  vacuum 
is  a  good  dielectric,  it  is  clear  that  it  is  not  necessarily 
the  material  particles  of  the  dielectric  substance  that  are 
thus  affected;  hence  it  is  believed  that  electrical  pheno- 
mena are  due  to  stresses  and  strains  in  the  so-called 
"ether,"  the  thin  medium  pervading  all  matter  and  all 
space,  whose  highly  elastic  constitution  enables  it  to  con- 
vey to  us  the  vibrations  of  light  though  it  is  millions  of 
times  less  dense  than  air.  As  the  particles  of  bodies  are 
intimately  surrounded  by  ether,  the  strains  of  the  ether 
are  also  communicated  to  the  particles  of  bodies,  and  they 
too  suffer  a  strain.  The  glass  between  the  two  coatings 
of  tinfoil  in  the  Leyden  jar  is  actually  strained  or 
squeezed,  there  being  a  tension  along  the  lines  of  electric 
force.  When  an  insulated  charged  ball  is  hung  up  in  a 
room  an  equal  amount  of  the  opposite  kind  of  charge  is 
attracted  to  the  inside  of  the  walls,  and  the  air  between 
the  ball  and  the  walls  is  strained  (electrically)  like  the 
glass  of  the  Leyden  jar.  If  a  I^yden  jar  is  made  of  thin 
glass  it  may  give  way  under  the  stress;  and  when  a 
Leyden  jar  is  discharged  the  layer  of  air  between  the 
knob  of  the  jar  and  the  knob  of  the  discharging  tongs  is 
more  and  more  strained  as  they  are  approached  towards 
one  another,  till  at  last  the  stress  becomes  too  great,  and 
the  layer  of  air  gives  way,  and  is  "perforated"  by  the 
spark  that  discharges  itself  across.  The  existence  of  such 
stresses  enables  us  to  understand  the  residual  charge  of 
Leyden  jars  in  which  the  glass  does  not  recover  itself  all 
at  once,  by  reason  of  its  viscosity,  from  the  strain  to 
which  it  has  been  subjected.  It  must  never  be  for- 
gotten that  electric  force  acts  across  space  in  conse- 
quence of  the  transmission  of  stresses  and  strains  in  the 

*  In  the  exact  sciences  a  strain  means  an  alteration  of  form  or  volume 
due  to  the  application  of  a  stress.  A  stress  is  the  force,  pressure,  or  other 
agency  which  produces  a  strain. 
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medium  with  which  space  is  filled.  In  every  case  we 
store  not  electricity  but  energy.  Work  is  done  in  push- 
ing electricity  from  one  place  to  another  against  the 
forces  which  tend  to  oppose  the  movement.  The  charg- 
ing of  a  Ley  den  jar  may  be  likened  to  the  operation  of 
bending  a  spring,  or  to  pumping  up  water  from  a  low 
level  to  a  high  one.  In  charging  a  jar  we  pump  exactly 
as  much  electricity  out  of  the  negative  side  as  we  pump 
into  the  positive  side,  and  we  spend  energy  in  so  doing. 
It  is  this  stored  energy  which  afterwards  reappears  in 
the  discharge. 


Lesson  VII.  —  Olher  Sources  of  Electrification 

Q3.  It  was  remarked  at  the  close  of  Lesson  I. 
(p.  13)  that  friction  was  by  no  means  the  only  source 
of  electricity.  Some  of  the  other  sources  will  now  be 
named. 

QQ.  Percussion.  —  A  violent  blow  struck  by  one  sub- 
stance upon  another  produces  opposite  electrical  states 
on  the  two  surfaces.  It  is  possible  indeed  to  draw  up  a 
list  resembling  that  of  Art.  6,  in  such  an  order  that  each 
substance  will  take  a  4-  charge  on  being  struck  with  one 
lower  on  the  list. 

67.  Vibration.  —  Volpicelli  showed  that  vibrations 
set  up  within  a  rod  of  metal  coated  with  sulphur  or 
other  insulating  substance,  produced  a  separation  of 
electricities  at  the  surface  separating  the  metal  from  the 
non-conductor. 

68.  Disruption  and  Cleavage.  —  If  a  card  be  torn 
asunder  in  the  dark,  sparks  are  seen,  and  the  separated 
portions,  when  tested  with  an  electroscope,  will  be  found 
to  be  electrical.  The  linen  faced  with  paper  used  in 
making  strong  envelopes  and  for  paper  collars,  shows 
this  very  well.  Lumps  of  sugar,  crunched  in  the  dark 
between  the  teeth,  exhibit  pale  flashes  of  light.     The 


uliiuvnge  of  a  sliF'et  of  mica  iklso  {iiiKliicea  spftrka, 


69.  CiyataUization  and  Solidification. —  Many  sub- 
stMiiices,  aft«r  piMsing  from  the  liituid  to  the  solid  8tat«, 
exhihit  electrical  conditions.  Sulphur  fused  in  a  gUss 
cUsli  and  allowed  to  cool  is  violently  electrified,  aa  may 
bs  seen  by  liftiinf  out  the  crystallinn  niass  with  a  glBH 
rod.  Chocolate  alao  Lecouios  electrical  during  Rolidiiicui- 
tion.  Wheu  arsenic  acid  crystallixeH  out  from  its  solu- 
tion in  hydrocliloria  acid,  tlie  formation  of  each  cryitol 
is  accompanied  by  a  flash  of  lifjht,  doubtless  dua  to  ma 
eleclricat  discharge.  A  curious  cane  occurs  whiiii  the 
sulphate  of  iHipper  and  potassium  is  fused  in  a  oruaiblo. 
It  Holidilies  without  becoming  electrical,  but  on  cooling 
a  little  further  the  ci'yslallinc  masH  begius  to  fly  to 
jKiwder  with  an  iustant  evolution  of  electricity. 

70.  Combustion.  —  Volta  showed  that  combuB^n 
generatiid  electricity.  A  piece  of  burning  charcoal,  or  a 
burning  pastille,  such  as  is  used  for  funiigation,  placed 
in  counexion  with  the  knob  of  a  gold-leaf  electroscope, 
will  cause  the  leaves  to  diverge. 

71.  Eyaporation.  —  The  evaporation  of  liquids  is 
often  accompanied  by  electrification,  the  liquid  and 
the  vapour  assuming  opposite  states,  though  apparently 
only  when  the  surface  is  in  agitation,  A  few  drops 
of  a  solution  of  sulphate  of  cupper  thrown  into  a  hot 
platinum  crucible  produce  violent  electrification  as  they 
evaporate. 

72.  Atmaspheiic  Electricity.  —  The  atmosphere  is 
found  to  be  always  electrified  relatively  tn  the  eartli : 
this  is  due,  in  part  possibly,  to  ev.iporation  going  on 
over  the  oceans.  Tlie  subject  of  atmospheric  electricity 
is  treated  ot  separately  in  lesson  XXV. 

73.  fteesure.  ^  A  large  number  of  substances  when 
compressed  exhibit  electrification  on  their  surface.  Thus 
cork  becomes  +  when  pressed  against  amber,  gutta- 
percha, and  metals;   wliile  it  takes  a  —  charge  when 
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pressed  against  spurs  atid  anima,!  BiibstancRS.  Peclet 
found  the  degree  of  electrification  produced  by  rubbing 
I  two  substances  together  to  be  independent  of  the  pressure 
and  of  the  size  of  the  siii'faces  of  contact,  but  depended 
upon  the  materials  and  on  the  velocity  with  which  they 
moved  over  one  another.  Rolling  contact  and  sliding 
friction  produced  equal  efTecta. 

74.  Pyro-electricity.  —  There  are  certain  crystals 
which,  while  being  heated  or  cixited,  exhibit  electrical 
'  charges  at  certain  regions  or  poles.  Crystals  tliiis  elee- 
I  trified  by  beating  or  cooling  are  said  to  be  pyro-electric. 
Chief  of  these  is  tiie  Tounnaline,  whose  power  of  attract- 
ing light  bodies  to  its  ends  after  being  heated  has  been 
known  for  some  centuries.  It  is  alluded  to  by  Tlieo- 
phrastiiB  and  Pliny  under  tlie  name  of  Lapis  Lyncuriu>. 
Tourmaline  is  a  hard  mineral,  seini-trauspiirent  when 
cut  into  thin  slices,  and  of  a  dark  gi'eeu  or  brown  colour, 
but  looking  perilectly  black  and  opiuiue  in  its  natural 
condition,  and  possessing  the  power  of  polarizin);  light. 
's    usually    found    in    slightly    irregular    three-sided 

firisras  which,  when  perfect,  are  poiiited  at  both  ends, 
t  belongs  to  the  "hexagonal"  system  ol  crystals,  but 
is  only  heiuihedrat,  that  is  to  say,  has  the  alternate 
I  faces  only  developed.  Its  form  is  given  in  Fig.  47,  where 
1  general  view  is  first  shown,  the  two  ends  A  and  B 
I  being  depicted  in  separate  plans.  These  two  ends  dilfer 
I  slightly  in  shape.  Each  is  made  up  of  three  sloping  faces 
I  terminating  in  a  point.  But  at  A  the  edges  between 
\  tlieae  faces  run  down  to  the  corners  of  the  prism,  while 
1  iu  B  the  edges  between  the  terminal  faces  run  down  to 
I  the  middle  points  of  the  long  faces  of  the  prism.  The 
I  end  A  is  known  as  the  analogous  pole,  and  B  as  the 
I  aotilDgouspole,  While  the  crystal  is  rising  in  tenipera- 
1  ture  A  exhibits  -|-  electrification,  B  —  ;  but  it,  after  hav- 
k'iiig  been  heated,  it  is  allowed  to  cool,  the  polarity  is 
Lreversedi  for  during  the  time  that  the  temperature 
|.i>  falling  B  is  +  and  A  is  ~.      If  the  temperature  is 
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steady  no  such  electrical  effects  are  observed  either  at 
high  or  low  teiii(>eratures;  and  the  phenomena  cease  if 
the  crystal  l>e  wanned  above  150^  C.  This  is  not,  how- 
ever,  due  to  the  crystal  becoming  a  conductor  at  that 
temperature;  for  its  resistance  at  even  higher  tempera- 
tures is  still  so  great  as  to  make  it  practically  a  non- 
conductor. A  heated  crystal  of  tourmaline  suspended 
by  a  silk  fibre  may  be  attracted  and  re|>elle<l  by  electri- 
fied bodies,  or  by  a  second  heated  tourmaline ;  the  two 
similar  poles  re|)eliing  one  another,  while  the  two  poles 
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of  opposite  form  attract  one  another.  If  a  crystal  be 
broken  up,  each  fragment  is  found  to  possess  also  an 
analogous  and  an  antilogous  pole. 

Many  other  crystals  beside  the  tourmaline  are  more 
or  less  pyro-electric.  Amongst  these  are  silicate  of  zinc 
("electric  calamine"),  boracite,  cane-sugar,  quartz,  tar- 
trate of  potash,  sulphate  of  quinine,  and  several  others. 
Boracite  crystallizes  in  the  form  shown  in  Fig.  48,  which 
represents  a  cube  having  four  alternate  corners  truncated. 
The  corners  not  truncated  behave  as  analogous  poles,  the 
truncated  ones  as  antilogous.  When  a  natural  hexagonal 
prism  of  quartz  is  heated  its  six  edges  are  found  to  be  + 
and  —  in  alternate  order. 


PIEZO-ELECTRICITY 


II  electrosLope      A  Bimilar 


75.   Piezo-electricity.  —  lu   certain   erjatals   pressure 

in  B,  particular  direction  may  produce  electrification. 
J    Haiiy  found  that  a  crystal  of  calcapar  pressed  betiveen  the 

dry  fingers,  ao  as  to  compress  it  along  the  blunt  «dj^BB  of 
I  the  crystal,  became  electrical,  aud  that  it  retained  its 
\   electricity  for  some  days.     lie  even  proposed  to  employ  ii 

squeezed  suspended  crystal  n 
,    propel  ty  la  alleE;ed  of  raica 

topax,  and  tluoispar     If  two 

opposite  edges  of  a,  hexagonal 
ira   of   quartz   are    pressed  - 

togetber,  one  becomes   +    the 

other  —      Pressuie  alio  pro-  | 
,   duces  opposite  kmdsof  electii 

fieation  at  opposite  ends  of  i   —  '  t 
,    crystal  of  tourmaline    and  cf   . 
I   other    crystals    of    the    class  \ 

already  noticed  as  possessing 
L  the  peculiarity  of  bkew  sym 
I  metry  or  lieniihedry  in  their 

Btruoture       Pie  o-eUetnt-ity  is 

the  uame  given  to  this  branch 
'  of  the  science  It  is  known 
I   that  skew  ayniraetry  of  atruo 

ture  IS  dependent  on  mulecular 
I  constitution     and  it  is  doubt- 
is  the  same  peculiarity  which 

determines    the    pyro-electric 

and    piezo-electiic    properties 

aa  well  as  the  optical  behavmur 

of  tliese  crystals  m  polaii/ed 

hght 

76    Animal  Electricity  — 
G\eral    species    of    ci eatui es 
,    inhabiting    the    water    have    the    powpr    of    producing 

electric  discharges  phj Biologically  The  best  known  of 
I  these  cre.ituies  are  tlie  Torpedo,  the  Cijmnulua,  aud  the 
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Silurui.  Tlie  Kaia  Torpedo,*  or  electric  ray,  of  which 
there  are  three  species  iuhabiting  the  Meiliterraueaii  and 
Atlantic,  is  provided  with  au  electric  organ  on  the  back 
of  ita  head,  as  shown  in  Fig.  49.  This  organ  consista  of 
laiiiinse  composed  of  polygonal  cells  to  the  number  of  800 
or  1000,  or  tiiore,  supplied  with  four  large  bundles  of 
nerve  fibrea;  the  under  sui'face  of  the  fish  is  — ,  tha  upper 
-f .  Ill  the  Gymnotus  electricus,  or  Surinam  eel  (Fig.  50), 
the  electric  organ  goes  the  whole  lengtb  of  the  body  from 
tail  to  head.     Humboldt  gives  a  lively  account  of  the 


Fk.  f 


combats  between  thp  electric  eels  and  the  wild  horBBS, 
driven  by  the  natives  into  the  swamps  inhabited  by  the 
Gynjnotus.  It  is  able  to  give  a  moat  terrible  shock,  and 
is  a  formidable  antagonist  when  it  has  attained  ita  full 
length  of  6  or  0  feet.  In  the  Siluraa  the  current  flowa 
froni  head  to  tail. 

Nobili,  Matteuccl,  and  othei's,  have  shown  that  iierve- 
excitationa  and  muscular  contraclions  of  human  beings 
also  give  rise  to  feeble  discharges  of  electricity. 

77.  Electricity  of  Vegetables.  — Buff  thought  he 
detected  electrification  produced  by  plant  life ;  the  roots 
and  jaicy  parts  being  negatively,  and  the  leaves  posi- 
tively, electrified.  The  subject  has,  however,  been  little 
investigated. 
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ELECTRIFICATION  BY  CONTACT 


78.  Thermo-electricity.  ^ //ea(  applied  at  the  junc- 
tion of  two  dissimilar  metals  produces  a  flow  of  elec- 
tricity across  the  junotioa.  This  subject  is  discussed  in 
Lesson  XXXV.  on  ThermrxUcli-ie  CurrenU. 

79.  Contact  of    Dissimilar  Hetala.  —  Yoltii  showed 
,   that  the  contact  of  two  dissimilar  uietub  in  air  produced 

Idiida     of 


1  ■  electrification,      oue 

I  becoming  pnsitively, 

I  aud  the  other  neg- 

[  atively,     electrified. 

I   This   he   proved    in 

I  several  ways,  one  of 

I  the  moat   conclusive 

Jl  proofs     being    that 

[  horded  by  his  con- 

I  deruing     electroscope. 

\  This  oonaisted  of  a. 

f  gold-leaf  electroscope 

[  combined     with      a 

f  fimall  condenser.     A 

[  tnetallic  plate  formed 

I  the  top  of  the  electro- 

f  Boope,  and    on    this 

I  yraa  placed  a.  second 

I  metallio    plate    fut^ 

l.niahed  with  a  handle,  and  insulated  from  the  lower  one 

L  by  beii^  well  varnished  at  the  surface  (Fig.  51).    As  the 

I  capacity  of  such  a  condenser  is  considerable,  a  very  feeble 

I  source  may  supply  a  quantity  of  electricity  to  the  eoii- 

I  denser  without  materially  raising  its  potential,  or  cnustug 

L  tlie  gold  leaves  to  diverge.    But  if  the  upper  pliit«  be  lifted, 

I  the  capacity  of  the  lower  plate  diminishes  enormously, 

Iftnd  the  potential  of  its  charge  rises  as  shown  by  the 

[.divergence  of  the  gold  leaves.*     To  prove  by  the  cou- 


■  Formerlj,  1 


unted  f.ir  by  saying  tlijit 
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denBing  electroacope  that  contact  of  diBaimiiar  metalB  does 
produce  electrification,  a  smalt  compound  bar  luada  of 
two  diBsiniilar  inetala  —  say  siinc  and  copper  ^soldered 
together,  is  held  in  tlie  moiat  hand,  and  one  end  of  it  ia 
touched  against  the  lower  ])late,  the  upper  plate  being 
placed  in  contact  with  the  ground  or  touched  with  the 
finger.  When  the  two  opposing  chargea  have  thus  col- 
lected in  the  condenser  the  upper  plate  in  removed,  and 
the  diverging  of  the  gold  leaves  shows  the  presence  of 
a  free  charge,  which  can  afterwards  be  examined  to  see 
whether  it  be  +  or  — .  Instead  of  employing  the  coppop- 
zinc  bar,  a  single  voltaic  cell  may  be  connected  by  copper 
wii'es  to  the  two  plates.  For  a  long  time  the  exiatenoe  of 
this  electrification  by  contact  waa  denied,  or  rather  it  was 
declared  to  be  due  (when  occurring  in  voltaic  combino- 
tions  such  as  are  described  in  Lesson 
Xni.)  to  chemical  actions  going  on; 
whereas  the  real  trutli  ia  that  the 
.  electricity  of  contact  and  the  chemical 
action  are  both  due  to  molecular  con- 
ditions of  the  substances  which  come 
into  contact  with  one  another,  though 
Fig,  ta.  ^^  ^°  ^^°^  y^^  know  the  precise  nature 

of  the  molecular  conditions  which  give 
rise  to  these  two  eifecta.  Later  experuneuts,  especially 
those  made  with  the  modern  delicate  electrometers 
of  Lord  Kelvin,  put  beyond  doubt  the  reality  of 
Volta's  discovery.  One  simple  experiment  eKpIaina 
the  method  adopted.  A  thin  strip  or  needle  of  metal 
ia  auspended  so  aa  to  turn  about  a  point  C.  It  is 
electrified  from  a  tnowii  source.  Under  it  are  placed 
(Fig.  52)  two  aetiiicivcular  disks,  or  half-rings  of  dissimilar 
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metals.  Neither  attracts  or  repels  the  electrified  needle 
until  the  two  are  brought  into  contact,  or  connected  by  a 
third  piece  of  metal,  when  the  needle  immediately  turns, 
being  attracted  by  the  one  that  is  oppositely  electrified,  and 
repelled  by  the  one  that  is  electrified  similarly  with  itself. 
80.  Contact  Series  of  Metals  (in  Air).  —  Volta 
found,  moreover,  that  the  differences  of  electric  potential 
between  the  different  pairs  of  metals  were  not  all  equal. 
Thus,  while  zinc  and  lead  were  respectively  +  and  —  to 
a  slight  degree,  he  found  zinc  and  silver  to  be  respec- 
tively +  and  —  to  a  much  greater  degree.  He  was  able 
to  arrange  the  metals  in  a  series  such  that  each  one 
enumerated  became  positively  electrified  when  placed  in 
contact  in  air  with  one  below  it  in  the  series.  Those 
in  italics  are  added  from  observations  made  since  Volta's 

time  — 

+  Sodium,  Copper, 

Magnesium,  Silver, 

Zinc,  Gold, 

Lead,  Platinum, 

Tin,  —  Graphite  (Carbon). 
Iron, 

Though  Volta  gave  rough  approximations,  the  actual 
numerical  values  of  the  differences  of  potential  in  air  for 
different  pau's  of  metals  have  only  lately  been  measured 
by  Ayrton  and  Perry,  a  few  of  whose  results  are  tabu- 
lated here  — 

Difference  of  Poteutial 
(volts). 

•210 


^inc 


Lead 

Tin 

Iron 

Copper 

Platinum 

Carbon 


069 
313 
146 
238 
113 
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The  difference  of  potential  between  zinc  and  carbon 
is  the  same  as  that  obtained  by  adding  the  successive 
differences,  or  1-09  volts.*  Volta's  observations  may 
therefore  be  stated  in  the  following  generalized  form, 
known  as  Volta's  Law.  The  difference  of  potential  be- 
tween any  two  metals  is  equal  to  the  sum  of  the  differences 
of  potentials  between  the  intervening  metals  in  the  contact- 
series. 

It  is  most  important  to  notice  that  the  order  of  the 
metals  in  the  contact-series  in  air  is  almost  identical 
with  that  of  the  metals  arranged  according  to  their 
electro-chemical  power,  as  calculated  from  their  chemical 
equivalents  and  their  heat  of  combination  with  oxygen 
(see  Table,  Art.  489).  From  this  it  would  appear  that 
the  difference  of  potentials  between  a  metal  and  the  air 
that  surrounds  it  measures  the  tendency  of  that  metal 
to  become  oxidized  by  the  air.  If  this  is  so,  and  if  (as 
is  the  case)  the  air  is  a  bad  conductor  while  the  metals 
are  good  conductors,  it  ought  to  follow  that  when  two 
different  metals  touch  tliey  equalize  their  own  potentials 
by  conduction  but  leave  the  films  of  air  that  surround 
them  at  different  potentials.  All  the  exact  experiments 
yet  made  have  measured  the  difference  of  potentials  not 
between  the  metals  themselves,  but  between  the  air  near 
one  metal  and  that  near  another  metal.  It  is  certain 
that  while  in  air  iron  is  positive  to  copper,  but  in  an 
atmosphere  of  sulphuretted  hydrogen,  iron  is  negative  to 
copper.  Mr.  John  Brown  has  lately  demonstrated  the 
existence  on  freshly-cleaned  metal  surfaces  of  films  of 
liquid  or  condensed  gases,  and  has  shown  that  polished 
zinc  and  copper,  when  brought  so  near  that  their  films 
touch,  will  act  as  a  battery. 

81.  Contact  Actions.  —  A  difference  of  potential  is 
also  produced  by  the  contact  of  two  dissimilar  liquids  with 
one  another. 

*  For  the  definition  of  the  volt,  or  unit  of  difference  of  potential,  see 
Art.  254. 
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A  liquid  and  a  melal  in  contact  with  one  another  also 
exhibit  a  difference  of  potential,  and  if  the  metal  tenda 
to  dissolve  into  the  liquid  chemically  thei'e  will  be  an 
electromotive  force  acting  from  the  metal  toward  the 

The  thermo-electric  difference  of  potential  at  a  junc- 
tion of  two  inetals  is  a  true  contact  difference.  It  is 
measured  by  the  amount  of  lieat  produced  (see  Peliier- 
effecl.  Art  420)  by  passing  a  current  of  electricity  in  the 
reverse  direction  through  the  Junction. 

A  hot  metal  placed  in  contact  with  a  colil  piece  of 
the  same  metal  also  produces  a  difference  of  potential, 
electrical  separation  taking  place  across  the  surface  of 
contact. 

Lastly,  it  has  been  shown  by  Professor  J.  J.  Thomson 
that  the  surface  of  contact  between  two  non-conducting 
substances,  such  as  sealing-wax  and  glass,  is  the  seat  of  a 
permanent  difference  of  potentials. 

82.  Magneto-electricity.  —  Electric  currents  flowing 
along  in  wires  can  be  obtained  from  magnets  by  moving 
closed  conducting  circuits  in  their  neighbourhood.  This 
source  is  dealt  with  in  Art,  222,  Lesson  XVIIL 

83.  Summary.  —  We  have  seen  in  the  preceding 
paragraphs  how  almost  all  conceivable  agencies  may  pio- 
duce  electrification  in  bodies.  The  most  importaiit  of 
these  are  friction,  heat,  chemical  action,  magnetism,  and 
the  contact  of  dissimilar  substances.  We  noted  that  the 
production  of  electricity  by  friction  depended  largely 
upon  the  molecular  condition  of  the  surfaces.  We  may 
here  add  that  the  difference  of  potentials  produced  by 
contact  of  dissimilar  substances  also  varies  with  the 
temperature  and  witii  the  nature  of  the  medium  (air, 
vacuum,  etc.)  in  which  the  experiments  are  made. 
Doubtless  this  source  also  depends  upon  the  molecular 
conditions  of  dissimilar  substances  beijig  different ;  the 
particles  at  the  surfaces  being  of  different  sizes  and 
shapes,  and  vibrating  with  different  velocities  and  with 
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different  forces.  There  are  (see  Art.  10)  good*  reasons 
for  thinking  that  the  electricity  of  friction  is  really  due 
to  electricity  of  contact,  excited  at  successive  portions  of 
the  surfaces  as  they  are  moved  over  one  another.  But  of 
the  molecular  conditions  of  bodies  which  determine  the 
production  of  electrification  where  they  come  into  contact, 
little  or  nothing  is  yet  known. 


CHAPTER  11 


IjKSSOn  Yin,  —  Magnetic  Attraction  and  Repulsion 

84.  Lodestones  or  Natural  Hagnets.  —  The  name 
Hagnet  {Magnes  Lapis)  was  given  by  the  ancients  to 
certain  hard  black  atones  found  in  various  parts  of  the 
world,  notably  at  Magnesia  in  Asia  Minor,  which  pos- 
sessed the  property  o£  attracting  to  them  small  pieces 
of  iron.  This  magic  property,  as  they  deemed  it,  made 
the  magnet-stone  famous ;  but  it  was  not  until  the  tenth 
or  twelfth  century  that  such  stones  were  discovered  to 
have  the  still  more  remarkable  property  of  pointing 
north  ftnd  south  when  hung  up  by  a  thread.  This  prop- 
erty was  turned  to  advantage  in  navigation,  and  from 
that  time  the  magnet  received  the  name  of  Lodestone* 
(or  "leading-stone").  The  natural  magnet  or  lodestone 
is  an  ore  of  iron,  known  to  mineralogists  as  magnetite  and 
having  the  chemical  composition  FcjO,-  This  ore  is 
found  in  quantities  in  Sweden,  Spain,  the  Isle  of  Elba, 
Arkansas,  and  other  parts  of  the  world,  though  not 
always  in  the  magnetic  condition.  It  frequently  occurs 
in  crystals ;  the  usual  form  being  the  regular  octahedron. 

86.  Artificial  Magnets. . —  If  a  piece  of  hard  iron  l)e 
rubbed  with  a  lodestone,  it  will  lie  found  to  have  also 

•  The  common  epellLng  ioodstone  Is  due  la  rotsopprohenslon. 
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Fig].  U  and  & 


in'i[iiiri'ii   t!i«   jiro[)ertie8   clmracteristic  of   the  stone ; 

will  attract  liglit  liits  of  iron,  and  if  hung  up  by  a 
throafl  it  will  point 
north  and  south. 
Savi?ry,  in  1 
first  showed  how 
Tiiiicli  more  reten- 
tive of  inagnetisi 
hai'deiied    steel 

FigB.    51}    ftud    i 
repi'0!<eiit  a  natural 
lodestone  and  an  artificial  magnet  of  steel,  each  of  which 
hiiB  been  dipped  into  iron-filings  ;  the  filings  are  attracted 
and  adhere  iji  tufts, 

86.  Writings  of  Dr,  Gilbert.  —This  was  all,  or  nearly 
all,  that  was  known  of  tlie  magnet  until  1600,  when 
Dr.  Gilbert  published  a  large  number  of  magnetic  dia- 
coveriea  iu  his  famous  work  De  Alagnete.  lie  observed 
that  the  attractive  power  of  a  magnet  appears  to  reside 
at  two  regions,  and  in  n  long-shap«'d  magnet  these 
regions,  or  poles,  are  usually  at  the  ends  (see  Figs.  53 
and  5i).  The  piortion  of  the  magnet  which  lies  between 
the  two  poles  is  apparently  less  magnetic,  and  does  not 
attract  iron-filings  so  strongly;  and  all  round  the  mag- 
net, halfway  between  the  poles,  there  is  no  attraction 
at  all.  This  region  Gilbert  called  the  equator  of  the 
mngneti,  and  the  imaginary  licie  joining  the  poles  he 
termed  the  axis. 

87.  Magnetic  Needle.  —  To  investigate  more  fully 
the  magnetic  forceH  a  magnetic  needle  is  employed. 
This  consists  (Fig.  .^5)  of  a  light  needle  cut  out  of  steel, 
and  fitted  with  a  little  cap  of  brass,  glass,  or  ^ate,  by 
means  of  which  it  can  lie  bung  upon  a  sharp  point,  so 
as  to  turn  with  very  little  friction.  It  is  rendered 
Ifiagnetic  by  being  rubbed  upon  a  magnet;  and  when 

L^us  magnetized  it  will  turn  into  the  north-and-south 
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position,  or,  as  we  should  say,  will  set  itself  in  the 
"magnetic  meridian"  (Art.  151).  The  compass  sold 
by  opticians  consists 


of  such  a  needle 
balanced  above  a 
card  marked  with 
"points  of  the  com- 
pass." 

88.  Magnetic 
Attractions  and 
Repulsions.  —  If 
we  take  a  magnet 
(either  natural  or 
artificial)  in  our 
hand  and  present 
the  two  "poles"  of 
it  successively  to  the 
north-pointing  end 
of  a  magnetic  needle, 
we  shall  observe  that 


Fig.  55. 


one  pole  of  the  magnet  attracts  it,  while  the  other  repels 
it  (Fig.  56).  Repeating  the  experiment  on  the  south- 
pointing  end  of 
the  magnetic 
needle,  we  find 
that  it  is  repelled 
by  one  pole  and 
attracted  by  the 
other;  and  that 
the  same  pole 
which  attracts  the 
north-pointing 
end  of  the  needle 
repels  the  south- 
pointing  end. 
If  we  try  a  similar  experiment  on  the  magnetic 
needle,  using  for  a  magnet  a  second  magnetized  needle 


Fig.  5C. 
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which  has  previously  been  suspended,  and  which  has  its 
north-pointing  end  marked  to  distinguish  it  from  the 
south-pointing  end,  we  shall  discover  that  the  N-pointing 
pole  repels  the  N-pointing  pole,  and  that  the  S-pointing 
pole  repels  the  S-pointing  pole ;  but  that  a  N-pointing  pole 
attracts  and  is  attracted  by  a  S-pointing  pole. 

89.  Two  Kinds  of  Magnetic  Poles.  —  There  would 
therefore  appear  to  be  two  opposite  kinds  of  magnetism, 
or  at  any  rate  two  opposite  kinds  of  magnetic  poles, 
which  attract  or  repel  one  another  in  very  much  the 
same  fashion  as  the  two  opposite  kinds  of  electrification 
do ;  and  one  of  these  kinds  of  magnetism  appears  to  have 
a  tendency  to  move  toward  the  north  and  the  other  to 
move  toward  the  south.  It  has  been  proposed  to  call 
these  two  kinds  of  magnetism  "north-seeking  magnet- 
ism "  and  "  south-seeking  magnetism,"  but  for  our  pur- 
pose it  is  sufficient  to  distinguish  between  the  two  kinds 
of  poles.  In  common  parlance  the  poles  of  a  magnet  are 
called  the  "  North  Pole  "  and  "  South  Pole  "  respectively, 
and  it  is  usual  for  the  makers  of  magnets  to  mark  the 
N-pointing  pole  with  a  letter  N.  It  is  therefore  some- 
times called  the  "  marked  "  pole,  to  distinguish  it  from 
the  S-pointing  or  "unmarked  "  pole.  We  shall,  to  avoid 
any  doubt,*  call  that  pole  of  a  magnet  which  would, 

*  It  Is  necessary  to  be  precise  on  this  point,  as  there  is  some  conflision 
in  the  existing  text-books.  The  cause  of  the  confusion  is  this :  —  If  the 
north-pointing  pole  of  a  needle  is  attracted  by  magnetism  residing  near  the 
North  Pole  of  the  earth,  the  law  of  attraction  (that  unlike  poles  attrctcf) 
shows  us  that  these  two  poles  are  really  magnetically  of  opposite  kinds. 
Which  are  we  then  to  call  north  magnetism  ?  That  which  is  at  the  N  pole 
of  the  earth  ?  If  so,  we  must  say  that  the  N-pointing  pole  of  the  needle 
contains  south  magnetism.  And  if  we  call  that  north  magnetism  which 
points  to  the  north,  then  we  must  suppose  the  magnetic  pole  at  the  north 
pole  of  the  earth  to  have  south  magnetism  in  it.  In  either  case  there  is 
then  a  difficulty.  The  Chinese  and  the  French  call  the  N-pointing  pole  of 
the  needle  a  south  pole,  and  the  S-pointing  pole  a  north  pole.  Lord  Kel- 
vin also  calls  the  N-pointing  pole  a  "True  South"  polo.  But  common 
practice  goes  the  other  way,  and  calls  the  N-pointing  pole  of  a  magnet  its 
"  North  "  pole.  For  experimental  purposes  it  is  usual  to  paint  the  two 
poles  of  a  magnet  of  different  colours,  the  N-seeking  pole  being  coloured 
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if  the  mi^net  were  suspended,  tend  to  turn  to  the  north, 
the  "North-seeking"  pole,  and  the  other  the  "South- 
seeking  "  pole. 

We  may  therefore  sum  up  our  observations  in  the  con- 
cise statement :  Like  magnetic  pules  repel  one  aaolher ;  un- 
like pole)  altract  one  anolker.  Thia  we  may  call  the  first 
law  of  magnetism.  As  with  the  electric  attriictions  and 
repulsions  of  rubbed  bodies,  so  with  these  magnetic 
attractions  and  repulsions  the  effects  are  due,  as  we  shall 
see,  to  stresses  in  the  intervening  medium. 

90.  The  two  Poles  inseparable.  —  It  is  impossible  to 
obtain  a  magnet  with  only  one  pole.  If  we  mi^netize 
apiece  of  steel  wire,  or  watch  spring,  by  rubbing  it  with 
one  pole  of  a  magnet,  we  shall  find  that  still  it  has  two 
poles- — one  N-seeking,  the  other  S-seeking.  And  if  we 
break  it  into  two  parts,  each  part  will  still  have  two  poles 
of  opposite  kinds. 

01.  magnetic  Force. —  The  force  with  which  a  mag. 
net  attracts  or  repels  another  magnet,  or  any  piece  of 
iron  or  steel,  we  sliall  call  magnetic  force.*  The  force 
exerted  by  a  magnet  upon  a  bit  _ 

of  iron  or  on  another  magnet  i     ^  ____ 
not  the  same  at  all  distances,  the  ^SS3 
force    being    greater    when    the  '- 
magnet  is  nearer,  and  less  when   '. 

the  magnet  is  farther  off.     (See  J 

Art.   128,   on   laws   of    magnetic  ^^ 

Whenever  a  force  acts  thus  between  two  bodies,  it  acts 
on  both  of  them,  tending  to  move  both.  A  mj^net  will 
attract  a  piece  of  iron,  and  a  piece  of  iron  will  attract 
a  magnet.    This  was  shown  by  Sir  Isaac  Newton,  who 
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fixed  a  magnet  upon  a  piece  of  cork  and  floated  it  in  a 
basin  of  water  (Fig.  57),  and  found  that  it  moved  across 
the  basin  when  a  piece  of  iron  was  held  near.  A  com^- 
pass  needle  thus  floated  turns  round  and  points  north 
and  south ;  but  it  does  not  rush  towards  the  north  as  a 
whole,  nor  towards  the  south.  The  reason  of  this  will 
be  explained  later,  in  Art.  129. 

Gilbert  suggested  that  the  force  of  a  magnet  might  be 
measured  by  making  it  attract  a  piece  of  iron  hung  to 
one  arm  of  a  balance,  weights  being  placed  in  the  scale- 
pan  hanging  to  the  other  arm ;  and  he  found,  by  hanging 
the  magnet  to  the  balance  and  placing  the  iron  beneath 
it,  that  the  effect  produced  was  the  same.  The  action 
and  reaction  are  then  equal  for  magnetic  forces. 

92.  Magnetic  Substances.  —  A  distinction  was  drawn 
by  Gilbert  between  magnets  and  magnetic  substances,  A 
magnet  attracts  only  at  its  poles,  and  they  possess  oppo- 
site properties.  But  a  lump  of  iron  will  attract  either 
pole  of  the  magnet,  no  matter  what  part  of  the  lump  be 
presented  to  the  magnet.  It  lias  no  distinguishable 
fixed  "  poles,"  and  no  magnetic  "  equator."  A  true  mag- 
net has  poles,  one  of  which  is  repelled  by  the  pole  of 
another  magnet. 

93.  Other  Magnetic  Metals.  —  Later  experimenters 
have  extended  the  list  of  substances  which  are  attracted 
by  a  magnet.  In  addition  to  iron  (and  steel)  the  follow- 
ing metals  are  recognized  as  magnetic :  — 

Nickel.  Chromium. 

Cobalt.  Cerium, 

and  a  few  others.  But  only  nickel  and  cobalt  are  at  all 
comparable  with  iron  and  steel  in  magnetic  power,  and 
even  they  are  very  far  inferior.  Other  bodies,  sundry 
salts  of  iron  and  other  metals,  paper,  porcelain,  and 
oxygen  gas,  are  also  very  feebly  attracted  by  a  powerful 
magnet. 
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94.  Diamagnetism.  —  A  number  of  bodies,  notably 
bismuth,  antimony,  phosphorus,  and  copper,  are  appar- 
ently repelled  from  the  poles  of  a  magnet.  Such  bodies 
are  called  diamagnetic  bodies;  a  fuller  account  of  them 
will  be  found  in  Lesson  XXIX. 

06.  The  Earth  a  Magnet.  —  The  greatest  of  Trilbert's 
discoveries  was  that  of  the  inherent  magnetism  of  the 
earth.  The  earth  is  itself  a  great  magnet,  whose  "poles" 
coincide  nearly,  but  not  quite,  with  the  geographical 
north  and  south  poles,  and  therefore  it  causes  a  freely- 
suspended  magnet  to  turn  into  a  north-and-south  posi- 
tion. Gilbert  had  some  lodestones  cut  to  the  shape  of 
spheres  to  serve  as  models  of  the  globe  of  the  earth. 
Such  a  globular  magnet  he  called  a  terrella.  He  found 
that  small  magnets  turned  toward  the  poles  of  the  ter- 
rella, and  dip,  as  compass-needles  do,  toward  the  earth. 

The  subject  of  Terrestrial  Magnetism  is  treated  of  in 
Lesson  XII.  It  is  evident  from  the  first  law  of  magnet- 
ism that  the  magnetic  condition  of  the  northern  regions 
of  the  earth  must  be  the  opposite  to  that  of  the  north- 
seeking  pole  of  a  magnetized  needle.  Hence  arises  the 
difficulty  alluded  to  on  page  92. 

06.  Induction  of  Magnetism.  —  Magnetism  may  be 
communicated  to  a  piece  of  iron  without  actual  contact 


Fig.  58. 

with  a  magnet.  If  a  short,  thin  unmagnetized  bar  of 
iron  be  placed  near  some  iron  filings,  and  a  magnet  be 
brought  near  to  the  bar,  the  presence  of  the  magnet  will 
induce  magnetism  in  the  iron  bar,  and  it  will  now  attract 
the  iron  filings  (Fig.  58).  This  inductive  action  is  very 
similar  to  that  observed  in  Lesson  III.  to  take  place  when 
a  non-electrified  body  was  brought  under  the  influence  of 
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an  electrified  one.  The  analogy,  iadeed,  goes  further 
than  this,  for  it  is  found  that  the  iron  bar  tlius  magnet- 
ized by  induction  will  have  two  poles ;  the  pole  nearest 
to  the  pole  of  the  inducing  magnet  being  of  the  opposite 
kind,  while  the  pole  at  the  farther  end  of  the  bai  is 
of  the  same  kind  as  the  inducing  pole.  Those  bodies 
in  which  a  magnetizing  force  produces  a  hi[,rh  degree  of 
magnetization  are  said  to  possess  a  high  permeabiliii/.  It 
will  be  shown  presently  that  m^netic  induction  takes 
place  along  oertain  directions  called  lines  of  magnetic  in- 
duction,  or  lines  of  magnetic  forte,  which  may  pass  either 
through  iron  and  other  magnetic  media,  or  tlu'ough  air, 
vacuum,  glass,  or  other  non-magnetic  media :  and,  since 
induction  goes  on  most  freely  in  bodies  of  high  magnetic 
permeability,  the  magnetic  lines  are  sometimes  (though 
not  too  accurately)  said  to  "pass  by  preference  through 
magnetic  matter,"  or,  that  "  magnetic  matter  conducts 
the  lines  of  force." 

G7.  Attraction  across  Bodies.  —  If  a  sheet  of  glass, 
or  wood,  or  paper,  be  interposed  between  a  magnet  and 
the  piece  of  iron  or  steel  it  is  attracting,  it  will  still  at- 
tract it  as  if  nothing  were  interposed.  A  magnet  sealed 
up  in  a  glass  tube  stiU  acts  as  a  magnet.  Lucretius  found 
a  magnet  put  into  a  brass  vase  attracted  iron  filings 
through  the  brass.  Gilbert  surrounded  a  magnet  by  a 
ring  of  flames,  and  found  it  still  to  be  subject  to  magnetic 
attraction  from  without.  Across  water,  vacuum,  and  all 
known  substances,  the  magnetic  forces  will  act ;  with  the 
single  apparent  exception,  however,  that  magnetic  force 
will  not  act  across  a  screen  uf  iron  or  other  magnetic 
material,  if  sufficiently  thick.  If  a  small  magnet  is  sus- 
pended inside  a  hollow  ball  made  of  iron,  no  outside 
magnet  will  afEect  it.  The  reason  being  that  the  mag- 
netic lines  of  force  are  condual«d  oft  laterally  through 
the  iron  instead  of  penetrating  through  it.  A  hollow 
shell  of  iron  will  therefore  act  as  a  magnetic  cage,  and 
slileld  the  space  inside  it  from  magnetic  influences. 
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Fig.  59  illustratea  the  way  in  which  a  cylinder  of  soft 
iron  shields  the  space  interior  to  it  from  the  influence  of 
an  external  magnet.  A  compass  needle  placed  at  P  inaide 
the  cylinder  ia  not  affected  by  the  presence  of  the  magnet 
outside,  for  ita  lines  of  m^netic  force  are  drawn  off 
laterally.  Similarly  a  magnet  inside  is  shielded  from 
affecting  outside  apace. 

Although  magnetic  induction  takes  place  at  a  distance 
across  an  intervening  layer  of  air,  glass,  or  vacuum,  there 
is  no  doubt  that  the  intervening  medium  is  directly  con- 
cerned in  the  transmission  of  the  magnetic  force,  though 
the  true  medium  ia  probably  the  "ether"  of  space  sur- 


We  now  can  see  why  a  magnet  sliould  attract  a  not- 
previously-magnetiied  piece  of  iron ;  it  first  uiagnetizes 
it  by  induction  and  then  attracts  it :  for  the  nearest  end 
will  have  the  opposite  kind  of  magnetism  induced  in  it, 
and  will  be  attracted  with  a  foree  exceeding  that  with 
which  the  more  distant  end  Ls  repelled.     But  induction 

Q8>  Retention  of  HagaetizatioD.  —  Not  all  magnetic 
substances  can  become  magnets  permanently.  Lode- 
atone,  steel,  and  nickel  retain  permanently  the  great 
port  of  the  magnetism  imparted  to  them.  Cast  iron 
and  many  impure  qualities  of  wrought  irou  also  retain 
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which  has  previously  been  auBpended,  and  which  has  its 
north-pointing  end  marked  to  diatingiiiBh  it  from  the 
south-pointing  end,  we  shall  discover  that  the  N-pointing 
pole  repels  the  N-pointing  pole,  and  that  the  S-pointing 
pole  repels  the  S-poiriting  pole ;  but  that  a  N-poiuting  pole 
attracts  and  ia  atti'acteii  by  a  S-pointing  pole. 

89.  Two  Kinds  of  Magnetic  PoIsh.  ~  There  would 
therefore  appear  to  be  two  opposite  kinds  of  niagnetiam, 
or  at  any  rate  two  opposite  kinds  of  magnetic  poles, 
which  attract  or  repel  one  another  in  very  muoh  the 
same  fashion  an  the  two  opposite  kinds  of  electrification 
do :  and  one  of  these  kinds  of  magnetism  appears  to  have 
a  tendency  to  move  toward  the  north  and  the  other  to 
moye  toward  the  south.  It  has  been  proposed  to  call 
these  two  kinds  of  magnetism  "  north-.seeking  niagnet- 
iam "  and  "  south-seeking  magnetism,"  but  for  our  pur- 
pose it  ia  sufficient  to  distinguish  between  the  tw^o  kinds 
of  poles.  In  common  parlance  the  poles  of  a  magnet  are 
called  the  "North  Pole"  and  "South  Pole"  respectively, 
and  it  is  usual  for  the  makers  of  magnets  to  mark  the 
N-pointing  pole  with  a  letter  N.  It  ia  therefore  some- 
times called  the  "marked"  pole,  to  distinguish  it  from 
the  S-pointing  or  "  unmarked  "  pole.  We  shall,  to  avoid 
any  doubt,*  call  that  pole  o£  a  magnet  which  would. 
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if  tlie  magnet  were  suapeiided,  teud  to  turn  to  tlie  north, 
the  " North-seeking "  pole,  and  the  other  the  "South- 
seeking"  i>oJe. 

We  may  therefore  sum  up  our  observations  in  the  con- 
cise statement ;  Like  magnetic  poles  repnl  one  another;  un- 
like poles  attract  one  another.  This  we  may  call  the  first 
law  of  magnetism,  Aa  with  the  electric  attractions  and 
repulsions  of  rubbed  bodies,  so  with  these  magnetic 
tttti'Bctions  and  repulsions  the  effects  are  due,  as  we  shall 
Bee,  to  stresses  in  the  intei'veniug  medium. 

GO,  The  two  Poles  inseparable.  —  It  is  impossible  to 
obtain  a  juag:iet  with  oiJy  one  pole.  If  we  magnetize 
apiece  of  steel  wire,  or  watch  spring,  by  rubbing  it  with 
one  pole  of  a  magnet,  we  shall  find  that  sttU  it  has  two 
poles — one  N-seeking,  the  other  Sleeking.  And  if  we 
break  it  into  two  pacta,  each  part  will  still  have  two  poles 
of  opposite  kinds. 

91.  Magnetic  Force.  —  The  force  with  which  a  int^. 
net  attracts  or  repels  another  magnet,  or  any  piece  of 
iron  or  steel,  we  shall  call  magnetic  force.*  The  force 
exerted  by  a  magnet  upon  a  bit  _ 

of  iron  or  on  another  magnet  m 
not  the  same  at  all  distances,  the   : 
force    being    greater    when 
nmgnet  is  nearer,  and  less  when  i 
the  magnet  is  farther  off.     (See 
Art.  128,  on  laws  of    magnetic  ^^  ^j 

Whenever  a  force  acts  thus  between  two  bodies,  it  aots 
on  both  of  them,  tending  to  move  both.  A  magnet  will 
attract  a  piece  of  troTi,  and  a  piece  of  iron  will  attract 
a  nu^iiet.    This  was  shown  by  Sir  Isaac  Newton,  who 
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likMil  ii  tiHi).Mirl  ii)Hui  a  i)i(>(*(>!  of  cork  and  floated  it  in  a 
liitniii  nf  NMihM-  (  rii^.  f)?),  :in<I  found  that  it  moved  across 
(liM  liiiMiii  wliiMi  u  piece  (if  iron  was  held  near.  A  coin- 
\ninii  itiM'iilo  iliiiM  ilnated  turns  round  and  points  north 
iiml  niiuMt ;  \t\i\.  it  does  not  rush  towards  the  north  as  a 
wholit,  nor  loNMiniH  the  south.  The  reason  of  this  will 
he  i<k|tliiiiiei|  litter,  in  Art.  \*2\). 

(jillierl  Mu^'in'steil  that  the.  force  of  a  magnet  might  be 
Mietitiuieil  tiy  iiiaKiit^c  it  attract  a  piece  of  iron  hung  to 
oiin  anil  III  a  lialaiwe,  weights  iM'ing  placed  in  the  scale- 
paii  hati).',iiir.  1<*  (he  other  arm;  and  he  found,  by  hanging 
I  lie  iniii/nft  to  the  halaiuM*  and  phicing  the  iron  beneath 
il,  that  the  elTeet  produced  was  the  Same.  The  action 
and  reaeiiitii  are  then  equal  for  magnetic  forces. 

U*A,  M/tKnrtic  SubstAnces.  -- A  distinction  was  drawn 
liy  (iilhert  lu'tween  maifiit'ts  and  inaffnetic  substances.  A 
nniKitet  attniets  only  at  its  poles,  and  tlicy  possess  oppo- 
nil.M  properties.  Hut  a  lump  of  iron  will  attract  either 
pole  of  the  nuiKix'^t  no  matter  what  part  of  the  lump  be 
presented  to  the  nui^iiet.  It  has  no  distinguishable 
liked  •*  poli'M,"  and  no  nia^jnetio  "e(juat.or."  A  true  mag- 
net has  poles,  out*  of  which  is  repvllvd  by  the  pole  of 
another  magnet. 

03.  Other  MAgnctic  Metals.  -  Later  exi)erimenters 
hiive  extended  the  list  of  substances  whicli  are  attracted 
hy  a  magnet.  In  addition  to  iron  (and  steel)  the  follow- 
ing metals  are  rec.oj^nizcMl  as  magnetic:  — 

Nickel.  Chromimn. 

(Cobalt.  (Vriuni, 

anil  a  fow  others.  Hut  only  nickel  and  cobalt  are  at  all 
comparable  with  iron  and  steel  in  nui^nctic  power,  and 
even  thoy  are  very  far  inferior.  Other  bodies,  sundry 
salts  of  iron  and  other  motals,  papor,  porcelain,  and 
oxygen  gas,  are  also  vt^y  feebly  attractiul  by  a  powerful 
magnet. 
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94,   Diamagnetiam.  —  A  nunil>er  of  hodies,  notably 

I   biamuth,  aiitiniooy,  pliospboriia,  and  copper,  are  apjiar- 

I  eutly  repelled  from  tbe  poles  of  a,  magnet.     Such  bodies 

B  c&lled  diamuffiietic  botlies ;   a,  fuller  account  of  them 

I    will  be  found  in  Lesson  XXIX. 

05.  The  Earth  a  Magnet.— The  greatest  ofTJilbert's 
I  discoveries  was  that  of  the  inherent  magnetism  of  the 
I  earth.  The  earth  is  itself  a  great  magnet,  whose  "poles" 
I  coincide  nearly,  but  not  quite,  with  the  geographical 
J  north  and  south  poles,  and  therefore  it  causes  a  freely- 
I  suspended  magnet  to  turn  into  a  noi'th-and-sou.th  poai- 
j  tion.  GUbert  had  some  lodestonea  cut  to  the  shap0  of 
f   spheres  to  serve  as  models  of   the  globe  of   the  earth. 

'    Such  a  globular  magnet  he  called  a  ten-ella.     He  found 
that  small  maguets  turned  toward  the  poles  of  the  ter- 
I   rella,  and  dip,  as  compass-needles  do,  toward  the  earth. 

The  subject  of  Terrestrial  Magnetkm  is  treated  of  in 
[  Lesson  XII.    It  is  evident  from  the  first  law  of  magnet- 
D  that  the  magnetic  condition  of  the  northern  regions 
[   of  the  earth  must  be  the  opposite  to  that  of  the  north- 
seeking  pole  of  a  magnetized  needle.     Hence  arises  the 
difficulty  alluded  to  on  page  D2. 

06.  Induction  of  Magnetism.  —  iMagiictism  may  be 
;   commimicated  to  a  piece  of  iron  'without  actual  contact 


with  a  magnet.  If  a  short,  thin  unmaguetized  bar  of 
iron  be  placed  near  some  iron  filings,  and  a  niagnet  be 
I  brought  near  to  the  bar,  the  presence  of  the  magnet  will 
I  induce  magnetism  in  the  iron  bar,  and  it  will  uow  attract 
I'the  iron  filings  (Fig.  58).  This  inductive  action  is  very 
I  similar  to  that  observed  in  Lesson  IIL  to  talteplnce  when 
a  LOn-eleotrified  body  w.ia  brought  under  tin-  influence  of 
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Fig.  59  Ulustratea  the  way  in  which  a  cylinder  of  soft 
irou  shields  the  space  interior  to  it  from  the  influence  of 
an  external  magnet.  A  compass  needle  placed  at  P  inside 
the  cylinder  is  not  affected  by  the  presence  of  the  magnet 
outside,  for  its  lines  of  magnetic  force  are  drawn  off 
laterally.  Similarly  a  magnet  inside  is  shielded  from 
affecting  outside  space. 

Although  magnetic  induction  takes  place  at  a  distance 
across  aa  intervening  layer  of  air,  glass,  or  vacuum,  there 
is  no  doubt  that  the  intervening  medium  is  directly  con- 
cerned in  the  transmission  of  the  magnetic  force,  though 
the  true  medium  is  probably  the  "ether"  of  space  sur- 


rounding the  molecules  of  matter,  not  the  molecules 
themselves. 

We  now  can  see  why  a  magnet  should  attract  a  not- 
previously-magnetized  piece  of  iron;  it  iirst  magnetizes 
it  by  induction  and  then  attracts  it :  for  the  nearest  end 
will  have  the  opposite  kind  of  magnetism  induced  in  it, 
and  will  be  attracted  with  a  force  exceeding  that  with 
which  the  more  distant  end  i.s  repelled.     But  induction 

98'  Retention  of  Magnetization.  —  Not  all  magnetic 
substances  can  become  magnets  permanently.  Lode- 
stone,  steel,  and  nickel  retain  permanently  the  great 
part  of  the  magnetism  imparted  to  them.  Cast  iron 
and  many  impure  qualities  of  wrought  iron  also  retain 
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magnetifl] 


1  imperfectly.  The  softer  and  purer  a.  speci- 
men of  iron  is,  the  more  lightly  is  its  residual  magnet- 
ism retiiiiied.  Tlie  following  experiment  illustratea  the 
matter;  —  Let  u  few  pieces  of  iron  rod,  or  a  few  soft 
iron  naiis  be  taken,  if  one  of  these  (see  Fig.  60)  be 
placed  in  contact  with  the  j>ole  of  a  permanent  steel 
magnet,  it  is  attracted  to  it,  and  i)eeames  itfleU  a  tempo- 
rary magnet.  Another  bit  of  iron  may  then  be  hung 
to  it,  and  another,  until  a  chain  of  fonr  or  five  pieces  ia 
built  up.  Hut  if  the  steel  mag- 
nut  be  removed  from  the  top  of 
cliaiii,  all  the  rest  drop  off, 
avp  found  to  be  no  longer 
;ru.>lic.  A  similar  chain  of 
I  iieedlea  may  be  formed,  but 
tlify  will  retain  permanently 
most  of  their  maKiietiam. 

It,  will  be  found,  however,  that 
a  stcol  needle  is  more  difficult  to 
magnetize  than  an  iron  needle 
of  the  Bitme  dimensions.  It  is 
pietism  into  stee!  than  into  iron, 
and  it  is  harder  to  get  the  magnetism  out  of  steel  than 
out  of  iron ;  for  tiie  steel  retains  the  magneliBm  onoe 
put  into  it.  This  power  of  resisting  magnetization,  or 
demagnetization,  is  sometimes  called  coercine  force;  a 
mnch  better  term,  due  to  Lamont,  is  retentirtty.  The 
retentivity  of  hard-tempered  steel  is  great;  that  of  soft 
wrought  iron  is  veiy  arnall.  The  harder  the  steel,  the 
greater  its  reteutivity.  Form  aifecta  retentivity.  Elon- 
gated forms  and  those  shaped  as  closed  or  nearly  closed 
circuiU  retain  their  magnetism  better  than  short  rods, 
balls,  or  cnl)BB. 

90.  Theories  of  Hagnetism.  —  The  student  will  not 
have  fiiiled  to  observe  the  striking  analogies  between 
tlie  phenomena  of  attraction,  repulsion,  induotion,  etc., 
of  magnetism  and  those  of  electricity.    Yet  the  two  seta 
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of  phenomena  are  quite  distinct.  A  positively  electrified 
body  does  not  attract  either  the  North-pointing  or  the 
South-pointing  pole  of  the  magnet  as  such;  in  fact,  it 
attracts  either  pole  quite  irrespective  of  its  magnetism, 
just  as  it  will  attract  any  other  body.  There  does  exist, 
indeed,  a  direct  relation  between  magnets  and  currents 
of  electricity,  as  will  be  later  explained.  There  is  none 
known,  however,  between  magnets  and  stationary  charges 
of  electricity. 

In  many  treatises  it  is  the  fashion  to  speak  of  a  mag- 
netic fluid  or  fluids ;  it  is,  however,  absolutely  certain  that 
magnetism  is  not  a  fluid,  whatever  else  it  may  be.  The 
term  is  a  relic  of  bygone  times.  A  magnet  when  rubbed 
upon  a  piece  of  steel  magnetizes  it  without  giving  up  or 
losing  any  of  its  own  magnetism.  A  fluid  cannot  possibly 
propagate  itself  indefinitely  without  loss.  The  arguments 
to  be  derived  from  the  behaviom'  of  a  magnet  on  breaking, 
and  from  other  experiments  narrated  in  Lesson  X.,  are 
even  stronger.  No  theory  of  magnetism  will  therefore 
be  propounded  until  these  facts  have  been  placed  before 
the  student. 


Lesson  IX.  —  Methods  of  making  Magnets 

100.  Magnetization  by  Single  Touch.  —  It  has  been 
so  far  assumed  that  bars  or  needles  of  steel  were  to  be 
magnetized  by  simply  touching  them,  or  stroking  them 
from  end  to  end  with  the  pole  of  a  permanent  magnet  of 
lodestone  or  steel.  In  this  case  the  last  touched  point  of 
the  bar  will  be  a  pole  of  opposite  kind  to  that  used  to  touch 
it ;  and  a  more  certain  effect  is  produced  if  one  pole  of 
the  magnet  be  rubbed  on  one  end  of  the  steel  needle,  and 
the  other  pole  upon  the  other  end.  There  are,  however, 
better  ways  of  magnetizing  a  bar  or  needle^ 

101.  Magnetization  by  Divided  Touch.  —  In  this 
method  the  bar  to  be  magnetized  is  laid  down  hori- 


ELECTKICITY   AND   MAGSKTISM 


zontally ;  two  liur  wiftgiieta  are  then  plated  down  upon 
it,  their  opposite  polea  beiiij;  together.  They  are  then 
drawn  aaimder  from  tlie  middle  of  tiie  bar  towarda  its 
ends,  and  b)u:k,  several  times. 
The  liar  ia  tlien  tirrued  over, 
And  the  operation  repeated, 
taking  care  to  leave  off  at  tlie 
Fts.  ui.  middla  (see   Fig.  61).    The 

provesH  is  more  elTeatual  if 
the  enda  of  the  bar  are  meantime  supported  on  the  poles 
of  other  bar  niiigneta,  the  poles  beiii^  of  the  same  names 
as  tliose  of  the  two  magnets  ahove  theui  used  for  strok- 
ing the  steel  bar. 

103.  Hagnetization  by  Double  Touch.  —  Another 
metliod,  known  a.^  doiihle  touch,  differs  slightly  from  that 
last  described.  A  piece  of  wood  or  cork  is  interposed 
between  the  ends  of  the  two  bar  magnets  employed,  and 
they  are  then  both  moved  backwards  and  forwards  along 
the  bar  that  is  to  be  iiiagneti;ced.  Dy  none  of  these 
methods,  however,  can  a  steel  har  be  magnetized  beyond 
a  certain  degree  of  intensity. 

103.  Forms  of  Uagnets.  —  Natural  magnets  are  usu- 
ally of  irregular  form,  though  they  are  sometimes  reduced 
to  regular  shapes  by  cutting  or  grinding.  Formerly  it 
was  the  fashion  to  mount  them  with  soft  iron  cheeks  or 
"  armatures  '*  to  seiTe  as  pole-piecea, 

For  scientific  experiments  har  magnets  of  hardened 
steel  are  commonly  used ;  but  for  many  purposes  the 
hnrae-iktie  shape  is  preferred.  In  the  horse-shoe  magnet 
the  poles  are  bent  round  so  aa  to  approach  one  anoUier, 
the  advantage  hera  being  that  so  both  poles  can  attract 
one  piece  of  iron.  The  "  annature,"  or  "  keeper,"  as  the 
piece  of  soft  iron  placed  across  the  poles  is  named,  is 
itaelf  rendered  a  magnet  by  induction  when  placed  across 
the  poles:  hence,  when  both  polea  magnetize  it,  the  force 
with  which  it  is  atti'acted  to  the  magnet  is  the  greater, 

104.  Laminated  Uagnets.  —  It  is  found  that  long 
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thin  steel  magnets  are  more  powerful  in  proportion  to 
their  weight  than  thicker  ones.  Hence  it  was  proposed 
by  Scoresby*  to  construct  compound  magnets,  consisting 
of  thin  laminae  of  steel  separately  magnetized,  and  after- 


Fig.  62.  Fig.  68. 

wards  bound  together  in  bundles  (Fig.  62).  These 
laminated  magnets  are  more  powerful  than  simple  bars 
of  steel.  Compound  horse-shoe  magnets  are  sometimes 
used :  the  plates  separately  magnetized  are  assembled  as 
in  Fig.  63. 

106.  Magnetization  derived  from  the  Earth.  —  The 
magnetism  of  the  earth  may  be  utilized  where  no  other 
permanent  magnet  is  available  to  magnetize  a  bar  of 
steel.  Gilbert  states  that  iron  bars  set  upright  for  a 
long  time  acquire  magnetism  from  the  earth.  If  a  steel 
poker  be  held  in  the  magnetic  meridian,  with  the  north 
end  dipping  down,  and  in  this  position  be  struck  with 
a  wooden  mallet,  it  will  be  found  to  have  acquired 
magnetic  properties.  All  vertical  iron  columns  in  our 
northern  latitudes  are  found  to  have  their  lower  ends 
N  poles  and  their  upper  ends  S  poles.  In  Australia  and 
the  southern  hemisphere  the  tops  of  iron  columns  are 
N  poles.  Wires  of  steel  subjected  to  torsion,  while  in 
the  magnetic  meridian,  are  also  found  to  be  thereby 
magnetized. 

106.  Magnetization  after  Heating.  —  Gilbert  discov- 
ered also  that  if  a  bar  of  steel  be  heated  to  redness,  and 
cooled,  either  slowly  or  suddenly,  while  lying  in  the 
magnetic  meridian,  it  acquires  magnetic  polarity.    No 

♦  A  similar  suggestion  was  made  by  Geuns  of  Venlo  in  1768,  using 
horse-shoe  magnets.  Similar  magnets  have  been  constructed  in  recent 
years  by  Jamin. 
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Buch  property  is  acquired  if  it  ia  cooled  while  lying  east 
and  west.  It  has  been  proposed  to  make  powerful  mag- 
nots  by  placing  hot  bars  of  steel  to  cool  between  the 
poles  of  very  powerful  eleetroinagneta;  and  Carrd  pro- 
duced strong  magnets  of  irou  cast  in  moulds  lyitig  iu  an 
intense  magnetic  field. 

107-  Magnetization  by  Currents  of  Electricity.  —  A 
current  o£  electricity  caused  to  circulate  in  a  spiral  wire 
wound  around  b,  core  of  irou  or  steel  inagaetizes  it  more 
powerfully  tlian  in   any  of  the  preceding  operations, 
In  the  c^e  of  a  soft  iron  core,  it  ia 
only  a  magnet  while  the  current  qou- 
titiues  to  flow.    Such  a  CDinbiuation  is 
termed  an  Electromagnet;  it  is  fully 
described  iu  Lesson  XXXI.     Fig.  64 
depicts    a   coramou   form   of   electro- 
-:~;;^^  magnet  having  two  coils  of  insulated 

"^iiuijTp  copper  wire  wound  upoa  bobbins  that 

pi^  M  ara  placed  upon  the  limbs  of  a  soft 

iron  core.  The  armature  is  also  of 
soft  iron  of  suflicieiit  thickness.  Steel  bars  may  be  mag- 
netized by  drawing  tlieni  over  the  poles  of  such  an 
electromagnet  while  the  lattei'  is  excited  by  the  circula- 
tion of  the  electric  current.  Eliaa  of  Haarlem  proposed 
to  magnetize  steel  bars  by  passing  them  through  a  wire 
coiled  up  into  a  compact  rizig  of  many  turiia,  through 
which  a  strong  current  was  sent  by  a,  voltaic  battery. 

108.  Hardening  and  Tempering  of  Steel  for  Mag- 
nets.— -There  are  two  ways  of  hardening  steel;  (1)  by 
suddenly  cooling  it  frozn  a  briglit  red  temperature; 
(2)  by  couipressing  it  under  hydraulic  pressure  while  it 
eoola  slowly.  If  rods  of  steel  are  heated  brilliantly  red, 
and  then  quenched  hi  water,  oil,  or  mercury,  they  become 
intensely  brittle  and  glasx-hard.  To  teini)er  hard  steel 
it  ia  then  gently  i-eheated  to  near  a  very  dull  red  heat 
and  softens  slightly  while  acquiring  a  stram  tint.  If  let 
down  still  further  by  oontinuing  the  reheating  it  becomes 
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a  blue  tint,  and  is  springy  and  flexible.  Short  bar  mag- 
nets retain  most  magnetism  if  left  glass-hard  without 
tempering.  But  magnets  whose  length  is  more  than 
twenty  times  their  thickness  retain  more  magnetism  if 
tempered  down  to  a  straw  or  even  to  a  blue  tint. 

109 .  Destruction  of  Magnetism. — A  steel  magnet  loses 
its  magnetism  partially  or  wholly  if  subjected  to  rough 
usage,  or  if  purposely  hit  or  knocked  about.  Newly  mag- 
netized magnets  lose  more  strength  by  rough  treatment 
than  those  which  have  been  long  magnetized.  A  magnet 
loses  its  magnetism,  as  Gilbert  showed,  on  being  raised 
to  a  bright  red-heat.  The  slightest  vibration  will  de- 
stroy any  magnetism  remaining  in  annealed  soft  iron. 

110.  Magnets  of  Unvarying  Strength.  —  Ordinary  steel 
magnets  have  by  no  means  a  permanent  or  constant  mag- 
netism. They  soon  lose  a  considerable  percentage  of 
their  magnetism,  and  the  decay  continues  slowly  for 
months  and  years.  Every  shock  or  jolt  to  which  they 
are  subjected,  every  contact  with  iron,  every  change  of 
temperature  weakens  them.  Every  time  that  the  keeper 
is  slammed  on  to  a  horse-shoe  magnet  it  is  weakened. 
For  the  purpose  of  making  magnetic  measurements,  and 
for  use  as  controlling  magnets  of  galvanometers,  magnets 
are,  however,  required  that  shall  possess  the  utmost  con- 
stancy in  their  strength.  Magnets  of  unvarying  strength 
may  be  made  by  attention  to  following  points.  Choose 
a  form  either  of  a  nearly  closed  circuit  or  of  a  very  long 
rod.  Let  the  steel  be  hardened  as  much  as  possible  (see 
Art.  108  above),  then  placed  in  steam  at  100°  for  twenty 
or  thirty  hours  or  more.  Then  magnetize  as  fully  as 
possible,  and  then  heat  again  for  five  hours  in  steam. 
Magnets  of  a  shape  constituting  a  nearly  closed  circuit 
are  more  constant  than  short  straight  magnets. 

111.  Effects  of  Heat  on  Magnetization. — If  a  perma- 
nent steel  magnet  be  warmed  by  placing  it  in  hot  or  boil- 
ing water,  its  strength  will  be  thereby  lessened,  though 
it  recovers  partially  on  cooling.    Chilling  a  magnet  in- 
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creases  its  Etreiigtti.  Ca^t  iroa  ceaaeti  to  bs  nttracted  by 
B,  magnet  at  n,  bright  red-heat,  or  at  a  temperature  of 
about  700°  C.  Cobalt  i-etaina  its  magnetism  at  the  high- 
est temperatures.  Cliroraium  ceases  to  be  magnetic  at 
about  500°  C,  and  nickel  at  350°  C.  Manganese  ex- 
hibits magnetic  attraction  only  when  cooled  to  —  20°  C. 
It  has  therefore  been  sui-mised  that  other  metals  would 
also  become  magnetic  if  cooled  to  a  low  enough  tempera- 
ture. Trowbridge  found  Bevere  cooling  to  100°  below 
^ero  to  destroy  the  magnetism  of  steel  magnets ;  but 
Dewar  has  observed  that  when  cooled  to  near  —  200°  C. 
in  liquid  oxygen  the  magnetic  properties  of  iron  are 
nearly  twice  as  high  as  at  0°  C.  The  niagnel.ic  metals  at 
high  temperatures  do  not  become  diamagiietic,  but  are 
still  feebly  magnettc. 

119.  magnetic  Saturation.  —  A  magnet  to  which  as 
powerful  a  degree  of  magnetization  as  it  can  attain  to  has 
been  giyen  is  said  to  be  aaturaled.  A  recently  magnetized 
magnet  will  occasionally  appear  to  be  super-saturated,  poa- 
sessijigeven  after  the  application  of  the  magnetizing  force 
has  ceased  a  higher  degree  of  magnetism  than  it  is  able 
to  retain  permanently.  Thus  a  horse-shoe-sliaped  steel 
magnet  will  support  a  greater  weight  immediately  after 
being  magnetized  tlian  it  will  do  after  its  armature  has 
been  once  removed  from  its  poles.  Even  soft  iron  after 
being  magnetized  retains  a  small  amount  of  magnetism 
when  its  lempwarij  magnetism  has  disappeared.  This 
small  remaining  magnetic  charge  is  spoken  of  as  jesidual 
tnagnelUm. 

113.  Strength  of  a  Magnet.  —  The  "strength"  of  a 
magnet  ia  not  tiie  siime  thing  as  its  "  lifting  power,"  Its 
liftiug  power  is  a  very  uiieertain  quantity  depending  not 
only  on  the  shape  of  its  polar  surfaces,  but  on  the  shape 
and  quality  of  the  mass  of  iron  used  as  load.  Conse- 
quently the  "  strength  "  of  a  magnet  pole  must  be  meas- 
ured by  the  magnetic  force  which  it  exerts  at  a  distance 
on  other  magnets.     Thus,  suppose  there  are 


CHAP.  II  LIFTING  POWER  105 

A  and  B,  whose  strengths  we  compare  by  making  them 
each  act  upon  the  N  pole  of  a  thh'd  magnet  C.  If  the  N 
pole  of  A  repels  C  with  twice  as  much  force  as  that  with 
which  the  N  pole  of  B  placed  at  the  same  distance  would 
repel  C,  then  we  should  say  that  the  "  strength  "  of  A  was 
twice  that  of  B.  Another  way  of  putting  the  matter  is 
to  say  that  the  "  strength  "  of  a  pole  is  the  amount  of  free 
magnetism  at  that  pole.  By  adopting  the  unit  of  strength 
of  magnet  poles  as  defined  in  Art.  141,  we  can  express 
the  strength  of  any  pole  in  numbers  as  so  many  "  units  " 
of  strength. 

114.  Lifting  Power.  —  The  lifting  power  of  a  magnet 
(also  called  its  portative  force)  depends  both  upon  the 
form  of  the  magnet  and  on  its  magnetic  strength.  A 
horse-shoe  magnet  will  lift  a  load  three  or  four  times  as 
great  as  a  bar  magnet  of  the  same  weight  will  lift.  A 
long  bar  magnet  will  lift  more  than  a  short  bar  magnet 
of  equal  strength.  A  bar  magnet  with  a  rounded  or 
chamfered  end  will  lift  more  than  a  similar  bar  with  a 
flat  or  expanded  end,  though  both  may  be  equally 
strongly  magnetized.  Also  the  lifting  power  of  a  mag- 
net grows  in  a  very  curious  and  unexplained  way  by 
gradually  increasing  the  load  on  its  armature  day  by 
day  until  it  bears  a  load  which  at  the  outset  it  could  not 
have  done.  Nevertheless,  if  the  load  is  so  increased  that 
the  armature  is  torn  off,  the  power  of  the  magnet  falls 
at  once  to  its  original  value.  The  attraction  between  a 
powerful  electromagnet  and  its  armature  may  amount  to 
200  lbs.  per  square  inch,  or  14,000  grammes  per  square 
centimetre  (see  Art.  384).  Small  magnets  lift  a  greater 
load  in  proportion  to  their  own  weight  than  large  ones,* 
because  the  lifting  power  is  proportional  to  the  polar 

♦  Bernoulli  gave  the  following  rule  for  finding  the  lifting  power  p  of 
a  magnet  whose  weight  was  w  :  — 

p  =avto7 
where  a  is  a  constant  depending  on  the  goodness  of  the  steel  and  the 
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surface,  other  things  being  eqaal.  Steel  magnets  Bel- 
dom  attain  a  tractive  force  as  great  as  40  lbs.  per  square 
inch  of  polar  BurfRce.  A  good  steel  horse-shoe  magnet 
weighing  itself  1  lb.  ought  to  lift  25  lbs.  weight.  Sir 
Isaac  Tfewtou  is  laiil  to  have  possessed  a.  little  lodestone 
mounted  in  a  signet  ring  which  would  lift  a  pie 
200  times  its  own  weight. 


Lesson  X.  —  Dklrilmlion  nf  Magnelia 

115.  Uagnetlc  Field.  —  The  space  all  round  a  magnet 
pervaded  hg  the  magnetic  forcci  is  termed  the  "field  "  of  that 
magnet.  It  is  most  intense  near  the  poles  of  the  magnet, 
and  is  weaker  and  weaker  at  greater  distances  away.  At 
every  point  iu  a  magnetic  field  the  force  has  a  particular 
strength,  and  acts  in  a  particular  direction.  It  is  pas' 
sible  at  any  point  in  a  magnetic  iield  to  draw  a  line  in 
the  direction  of  the  resultant  magnetic  force  acting  at  that 
point.  The  whole  field  may  in  tliis  way  be  mapped  out 
with  magnetic  lines  (Ai-t.  110).  For  a  horse-shoe  m^rnet 
the  field  is  most  intense  between  the  two  poles,  and  the 
lines  of  magnetic  force  are  curves  which  pass  from 
one  pole  to  the  other  across  the  field.  A  practical  way 
of  investigating  the  distribution  of  the  magnetic  lines 
in  a  field  is  given  in  Art.  119,  under  the  title  ■' Mag- 
netic Figures."  When  the  armature  is  placed  upon  the 
poles  of  a  horse-shoe  magnet,  the  force  of  the  magnet  on 
all  the  external  regions  is  weakened,  for  the  induction 
now  goes  on  through  the  iron  of  the  keeper,  not  through 
the  HULToun  ding  space.  Intact  a  closed  syslem  of  m 
— such  as  that  made  by  placing  four  bar  magnets  along 
the  sides  of  a  ac^uare,  the  N  pole  of  one  touching  the  S 
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polo  of  the  next — has  no  external  field  of  force.  A  ring 
of  steel  may  thus  be  magnetized  30  as  to  have  neither 
external  field  nor  polea ;  or  rather  any  point  in  it  may 
be  regarded  as  a  N  pole  and  a  S  pole,  so  close  together 
that  they  neutralize  one  another's  forces. 

Tliat  poles  ot  opposite  name  do  neutralize  one  another 
may  be  shown  by  the  well-known  experiment  of  hanging 
a  small  object — -a  steel  ring  or  a  key — to  the  N  pole  of 
a  bar  magnet.  IE  now  the  S  ptile  of  another  bar  magnet 
be  made  to  touch  the  first  the  two  polea  will  neutralize 
each  other's  actions,  and  the  ring  or  key  will  drop  down. 

116.  BreakiDg  a  Kagnet.^We  have  already  Btated 
that  when  a  magnet  ia  broken  into  two  or  more  parts, 
each  is  a  complete  magnet,  possessing  jioles,  and  each  ia 
nearly  as  strongly  magnetized  as  the  original  magnet. 
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Fig.  65  shows  this.  If  the  broken  parts  be  closely  joined 
tbeae  ailjacent  poles  neutralize  one  another  and  disippear, 
leavijig  only  llie  jioles  at  the  ends  as  before.  If  a  magnet 
be  ground  to  powder  each  fragment  will  still  act  as  a 


N 
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little  mi^net  and  exhibit  polarity.  A  magnet  may  there- 
fore be  regarded  as  composed  of  many  little  magnets  put 
together,  so  that  their  like  poles  all  face  one  way.  Such 
an  arrangement  is  indicated  in  Fig.  UQ,  from  which  it 
will  be  seen  that  if  the  magnet  be  broken  asunder  acroaa 
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any  part,  one  face  of  the  fracture  will  present  only  N 
ywies,  the  other  only  S  poles.  This  would  be  true  no 
matter  how  small  the  individual  particles. 

117.  ITonnal  Distribution.  —  In  an  ordinary  bar  mag- 
net the  poles  are  not  quite  at  the  ends  of  the  bar,  but 
a  little  way  from  it ;  and  it  can  be  ahown  that  this  is 
a  result  of  the  way  in  wliich  the  iiurface  magnetism  is 
distributed  in  the  bat.  A  very  long,  thin,  uniformly 
magnetized  bar  has  ite  poles  at  the  euds ;  but  in  ordiuafy 
thick  magnets  the  "  ^lole  "  occupies  a  considerable  region, 
the  "free  magnetism"  falling  oif  gradually  from  the 
ends  of  the  bar,  In  each  region,  however,  a  point  can 
be  generally  determined  at  which  the  resultant  inagzietic 
forces  act,  and  which  may  for  most  purposes  be  considered 
as  the  "pole."  In  certain  cases  of  irregular  magnetiza- 
tion it  is  possible  to  liiive  one  or  more  poU's  between 
those  at  the  ends.  Such  poles  are  called  mme.quenl  jiolca 
(K.  Fig.  70). 

118.  Lamellar  Distribution  of  Magnetism.  Magnetic 
Shells.  —  Up  to  this  point  the  ordinary  distribution  of 
magnetism  along  a  bar  has  been  the  only  distribution 
considered.  U  is  theoretically  possible  to  have  mi^net- 
ism  distributed  over  a  thin  sheet  so  that  the  whole  of 
one  face  o£  the  sheet  shall  have  one  kind  of  magnetism, 
and  the  other  face  the  other  kind  of  magnetism;  such 
distribution  is,  however,  unstable.  If  an  immense  num- 
ber of  little  magnets  were  placed  together  side  by  side, 
like  the  cells  in  a  honeycomb,  all  with  their  N-seekiiig 
ends  upwards,  and  8-seeking  ends  downwards,  the  whole 
of  one  face  of  the  slab  would  bo  one  large  flat  N-seeking 
pole,  and  the  other  face  Sleeking.  Such  a  distribution 
as  this  over  a  surface  or  sheet  is  termed  a  lamellar  dis- 
tribution, to  distinguish  it  from  the  ordinary  distribu- 
tion along  a  line  or  bar,  which  is  termed,  for  distinction, 
the  soleaoicUl,  or  circuital,  distribution.  A  lumellarly 
magneti/ed  magnet  is  sometinies  spoken  of  as  a  magnetic 
abtu, 


119.  Magnetic  Figures.  —  Gilbert  showed*  that  if  a, 
sheet  of  paper  or  card  be  placed  over  a  magnet,  and  iron 
filings  are  dusted  o\ei  the  paper  they  settle  down  in 
cumug  lines,  forming  a  HI  ij  ledc  ftjure  the  general  form 
of  which  for  u  hai  uidgnet  la  hli  iwu  m  Fig.  67.  The 
filings  should  be  hne  aud  aiited  thiough  a  bit  of  muslin ; 
to  facilitate  their  settlmg  in  the  bnes  thp  sheet  of  pax>er 
should  be  lightly  tapped  The  figures  thus  ohtaiiied  can 
be  fixed  pecmai  ently  bv  leveial  processpf  The  best  of 
these  consists  m   emplojiiig  a  iheet  of  glass  which  has 


been  previously  gummed  acid  dned,  iiiitpad  of  the  sheet 
of  paper,  aftui  this  has  been  pliced  above  the  magnet 
the  filings  aie  sifted  evenly  over  the  surface,  and  then 
the  glass  is  tapped ,  then  a  jet  of  steam  la  caused  to  play 
gently  above  the  sheet,  softening  the  surtace  of  the  gnm, 
which,  as  it  hardens,  fixes  the  filings  in  their  places.  In- 
spection of  the  figure  will  show  that  the  lines  diverge 
nearly  radially  from  each  pole,  and  curve  round  to  meet 
these  from  the  opposite  pole.  Fig.  68,  produced  from  a 
borse-shoe  magnet,  shows  how  the  magnetic  field  is  most 
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3  between  the  poles  but  ^p  eads  beyond  them  in 
;urvea      Faraday    who    nade  a  great  use  of  this 

ethod  of  investigatiug 
the  distribution  of  mag- 
etwn  in  various  "fields," 
(fave  to  the  lines  the  name 
of  linea  of  foice.  The; 
present,  as  bIiowii  by  Uie 
tc  on  on  little  magrnetic 
part  cleN  which  set  them- 
bbI  e")  Uuwin  obedieiioeto 
tl  e  attmctians  and  repul- 
B  o  a  n  the  field,  the  I'e- 
Hulta  t  direction  of  tha 
forces  at  every  point;  for 
each  particle  tends  to  as- 
su  e  the  direction  of  tha 
"ce  jointly  due  to  the 
* '  n     ultaiieau'f    action    of 

both  poles     1  e  oe  tl  e  cur  e.  of  f  1  i     >  !  i   1  ikpii  to 

ei  rese  t     v  s  bly    tl  e 

v«Ue     /    «     of     njec 

force  *    Faraday  po    ted    ut 

that  these     lines  of  fo  cp 

n  ap  out  the  n  agnet  c  hel  1 

ihowi  g  bj  tl  eir  pos  to    tl  e 

i  ■ect         of    the     naf,  e  c 

force   a  d  by  tl  e  r     u  nber 

tfl    nte  8  ty     Has    all  N 

seek)   gpoleco   Idbeobt^ned 

alone   a  d  put  do  vn  o     any 

one  of  thene  1  nes  of  fo  ce    t 

would  tend  to   n  ove  nlo  g 

that  1  ne  fro      N  to  S     as 


itu  fllLngl  Btand  up  iiau-ly  vcrtlnally 
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■ 

^^K      tend  to  move  along  tlie  line  in  ati  opposite  direetioii.    In 
^^H      Fig.  09,  which  is  tha  field  about  one  end  of  a  bar  magnet, 
^^H      the  magnetic  lines  are   simply  radial.      Faraday  also 
^^H      pointed  out  that  the  actiona  of  attraction  or  repulsion 
^^m      in  the  field  are  always  related  to  the  directions  in  the 
^^H      field  of  the  magnetic  lineti.    He  assigned  to  tliese  lines  of 
^^H      force  certain  physical  properties  (wiiich  are,  liowever,  only 
^^H      true  of  them  in  a  secondary  sense),  viz.  that  they  tend  to 
^^H      shorten  themselves  from  end  to  end,  and  that  they  repel 
^^H      one  another  as  they  lie  aide  by  side.     The  modern  way 
^^H       of  stating  the   matter  is,  that  in  every  magnetic  field 

^^^H       the  lines  of  force,  and  a  pressure  across  tliem. 

^^H       filings  may  he  applied  to  ascertain  the  presence  of  conxe- 

^^H 

^^^L     qaent  poles  in  a  bar  of  steel,  the  figure  obtained  resem- 
^^H     bling  that  depicted  in  Fig.  70.     Sucb  a  state  of  things  is 
^^^K     produced  when  a  strip  of  very  hard  steel   is  purposely 
^^^H     irregularly  magnetized  by  touching  it  with  strong  mag- 
^^^H    nets  at  certain  points.     A  strip  tlius  magnetised  virtually 
^^^H    consists  of  several  magnets  put  end  to  end,  but  in  reverse 
^^V    direotiona,  NS,  SN",  etc.     Consequent  poles  can  also  be 
^^^V    produced  in  an  electromagnet  by  reversing  the  direction 
^^^H     in  which  the  wire  is  coiled  aroiiiiii  part  of  tlie  core. 
^^H          121.   Fields  mapped    by  Filings.  —  Tlie  farces  pro- 

lis 
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ilucing  altraclion  between  imlike  poles,  and  repnlsion 
between  like  poles,  are  beautifully  illustrated  by  the 
magnetic  figures  obtained  in  the  lielA<i  between  the  poles 
in  the  two  cases,  as  giveJi  in  Figs.  71  ami  72.  In  Fig.  71 
Urn  poles  are  of  opiwile  kiinl^,  ami  Ilio  iiiics  of   force 


72,  which  repruseiiLs  tlio  iictiuu  u£  twu  Biaiilii.1-  pules,  the 
lines  of  forca  curve  away  as  if  repelling  one  another,  aad 
turn  aside  at  right  angles. 

122.  magnetic  Writing.  —  Another  kind  of  m^- 
netic  figures  was  diacoTored  by  De  Haldat,  who  wrote 
with  the  pole  of  a  magnet  upon  a  thin  steel  plate  (such 
as  a  saw-blade),  and  then  sprinkled  filings  over  it.  The 
writing,  which  is  quite  invisible  in  itself,  conies  out  in 
the  lines  of  filings  that  stick  to  the  magnetined  pai'ts ; 
this  magic  writing  will  continue  in  a  steel  plate  uiany 
months, 

123.  Surface  Hagnetiiatlon.  —  In  many  cases  the 
magnetism  imparted  ta  magnets  is  confined  chiefly  to 
the  outer  layers  of  steel.  If  a  short  bar  magnet  be  put 
into  acid  so  that  the  outer  layers  are  dissolved  away,  it 
is  found  that  it  has  lost  its  magnetism  when  only  a  thin 
fihu  has  been  thus  removed.  A  short  hollow  steel  tube 
when  magnetiKed  is  nearly  as  strong  a  magnet  a.s  a  solid 
rod  of  the  some  size.  Long  thin  magnets,  and  those  that 
are  curved  ao  as  nearly  to  lurtn  a  closed  circuit  can  be 
much  more  tlioroughly  luagnelized.  If  a  bundle  of  steel 
plates  are  magnetized  while  bound  together,  it  will  be 
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found  that  oiily  the  outer  ones  are  atroiigly  magnetized. 
The  inner  ones  mayevenexMbitareversed  magnetization. 
134.    Uechanical   Effects   of    Hagnetization.  —  Joule 
found  an  iron  bar  to  increase  by  jj^^c,  of  its  length 
when  strongly  magnetized.     Bidwell  found  that  with 
stiU  stronger  magnetbing  farces  iron  contracts  again ; 
and  rods   stretched   bj   a   weight   contract  more  when 
magnetized  than  unatratched  rods  do.     Barrett  obserTcd 
that  nickel  shows  a  slight  contraction  wtteu  magnetixed. 
These  are  proofs  that  magnetization  ia  an  action  affecting 
the  arrangement  of  the  molecules.    This  auppoaition  ia 
confirmed  by  the  observation  of  Page,  that  at  the  moment 
when  a  bur  is  maguetized  or  demagnetized,  a  faint  metal- 
lic clink  ia  heard  hi  the  bar.     Sir  W.  Grove  showed  that 
when  a  tube  containing  water  rendered  muddy  by  stir^ 
ring  up  in  it  finely  divided  magnetic  oxide  of  iron  was 
.    magnetized,  the  liquid  became  clearer  in  the  direction  of 
I  magnetization,  the  particles  apparently  setting  themselveB 
end-on,  and  allowing  more  light  to  pass  between  them. 
'   A  twistad  iron  wire  tends  to  untwist  itself  when  magnet- 
'    ized.     A  piece  of  iron,  when  powerfully  magnetized  and 
demagnetized  in  rapid  succession,  grows  hot,  as  if  mag- 
netization were  accompanied  by  internal  friatiou. 

126.  Action  of  Magnetism  on  Light.  —  Faraday 
discovered  that  a  ray  of  polarized  light  passing  through, 
certain  subatarices  in  a  powerful  magnetic  field  has  the 
direction  of  ita  vibrations  changed,  Tliis  phenomenon, 
which  is  sometimes  called  "  The  Magnetization  of  Light," 
is  better  described  as  "  The  Rotation  of  the  Plane  of 
Polarization  of  Light  by  Maguetism."  The  amount  of 
rotation  differs  in  different  media,  and  varies  with  the 
magnetizing  force.  More  recently  Kerr  has  shown  that 
a  ray  of  polarized  light  is  also  rotated  by  reflexion  at  the 
end  or  side  ot  a  powerful  magnet.  Further  mention  is 
made  of  these  discoveries  in  tlie  chapter  on  Electro-optics, 
Lesson  LVI. 

126.   The  Act  of  Magnetizing.  —  All  these  various 
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phenomena  point  to  a  theory  of  mafnietism  very  different 
from  the  old  notion  of  fluids.  It  appears  that  every 
particle  of  a  magnet  is  itaeU  a  magnet,  and  that  the 
magnet  only  becomes  a  magtiet  an  a.  whole  by  the  parti- 
cles being  so  turned  as  to  point  one  way.  Tlie  act  of 
magnetizing  conaisbs  in  turning  the  molecules  more  or  less 
into  one  particular  direction.  This  conclusion  in  supported 
by  the  obaerration  that  if  a 
glass  tube  full  of  iron  flUiigB 
magnetized,  the  filings  can 
seen  to  sat  themselves  end- 
ways, and  that,  when  thus 
once  set,  they  act  as  a  mag' 
net  until  shaken  up.  It  appears  to  be  harder  to  turn 
the  individual  moleculea  of  solid  steel  than  those  of 
soft  iron ;  but,  when  once  so  set,  they  remain  end-on 
unless  violently  struck  or  heated.  As  Weber,  who  pro- 
pounded this  notion  of  molecular  magnetism,  pointed 
out,  it  follows  from  this  theory  that  when  all  tlie  particles 
aie  tuned  end-on  the  limits  of  pcisible  mignetization 
■would  h     e  lee 

attained       So    e  t 

careful       expi; 

by       electroiynis  ^  ^     """ 

ei  t  rely    confirm  '  

tl  IS     CO  olus  on  Fig  14 

an  1  adi  we  t,bt 

to  the  theo  v  i  j,  73  n  i,y  be  taken  to  eprese  t  a  noi 
magnetized  piece  of  iron  orsteelinwhich  the  arrangement 
of  the  particles  is  absolutely  miscelbmeoua  ;  they  do  not 
point  in  any  one  direction  more  than  another.  When 
magnetized  slightly,  there  will  be  a  greater  percentage 
pointing  iu  the  direction  of  the  magnetizing  force.  When 
fully  magnetized  —  if  that  were  possible — they  would  all 
point  in  the  same  direction  as  in  Fig.  74. 
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In  very  few  caaes,  however,  ia  the  magiietizEition 
uniform  throughout  the  wiiule  length  of  a,  bar :  the 
partiolea  are  more  fully  completely  tm'aed  iuto  line  at 
the  middle  piirt  of  the  bar  thau  at  the  ends. 

'f  the  intrinsic  magnetization  of  the  steel  at  every 
I  part  of  a  magnet  were  equal,  the  free  poles  would  be 
I  Jound  only  at  the  end  surftuMs ;  but  the  fact  that  the  free 
1  aiagnetisni  is  not  at  the  ends  merely,  but  dimiuishes  from 
t  the  ends  towards  the  middle,  shows  that  the  intensity  of 
I  the  intrineic  magnetization  muat  be  less  towards  and 
f  at  the  ends  than  it  is  at  the  middle  of  the  bar.  In  Fig. 
i  74  an  attempt  is  made  to  depict  this.  It  will  be  noticed 
I  that  the  magnetic  lines  run  through  the  steel  and  emerge 
I  into  the  air  in  curves.  Some  of  the  lines  do  not  run  all 
the  length  of  the  bar  but  leak  out  at  the  sides.  li  the 
ffere  uniformly  magnetised  the  lines  would  emerge 
I  at  the  ends  oidy.  It  is  clear  that  the  middle  piece  is 
'e  thoroughly  magnetized  than  any  other  part.  ~  Mag- 
'  netism  in  fact  consists  of  a  Rort  o£  grain  or  structure  con- 
I  {erred  upon,  the  steel.  Wherever  this  structure  uomea  up 
I  at  a  surface,  there  the  surface  properties  of  m^pietism  are 
>  found.  A  pole  is  simply  a  region  where  the  mi^netic 
lines  pass  through  the  siu'face  of  the  steel  or  iion. 

The  optica!  phenomena  led  Clerk  Maxwell  to  the 
f  further  conclusion  that  these  longitudinally-set  molecules 
arerotatinground  their  Jong  axes,  and  that  m  the  "ether" 
I  of  space  there  is  also  a.  vortical  motion  along  the  lines  of 
[  magnetic  induction ;  this  motion,  if  occurring  in  a  perfect 
f  medium  (as  the  "  ether  "  may  be  considered),  producing 
I  tensions  along  the  lines  of  tlie  magnetic  field,  and  press- 
I  ^res  at  light  angles  to  them,  would  afford  a  satisfactory 
f  explanation  of  the  magnetic  attractions  and  repulsions 
■  which  apparently  act  across  empty  space. 

Hughes,  Barus,  and  others  have  lately  shown  that  the 

I   m^netism  of  iron  and  steel  is  intimately  connected  with 

the   molecidiir   rigidity   of  the    materia!.     Hughes's   re- 

I  Bearohes  with  the  "induction  balance"  (Art.  511}  and 
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1 

^^H               "magneUc  balance"  (Art  110)  tended  to  prove  thai  eikch 

^^H               inherent  magnetic  polarity ;  aud  thut  wlien  a.  piece  of 

^^H               nally  arriLDged  so  as  to  aatiafy  each  otlier's  polarity,  forni- 
^^H                ing  closed  magnetic  cu^uits  amongst  theiuselves. 
^H                     127.  Bwing's    Theorr   of    Holecular    Magnetism.— 
^^H                 Weber  supposed  that  there  waa  in  hard  steel  aome  sort 
^^H               oi  friction  which  prevented  the  molecules  whan  once 
^^H               magnetized  from  tiiruiiig  back  into  higgledy-piggledy 
^^H               positions.    Ewing,  however,  showed  that  a  complete  ex- 
^^H               plaaation  was  aft'orded  by  supposing  the  particles  to  be 
^^H                 subject  to  mutual  forces.     In  any  group  not  subjected  to 
^^H               an  external  magnetizing  force  the  particles  will  arrange 
^^H                 themselves  so  as  to  satisfy  one  another's  polarity.    Of  the 

1 

^^H                 possible  stable  groupings  of  sis  pivoted  needles  are  shown 
^^H                 in  Fig.  75.     Ewing  constructed  a  model  consisting  of  a 
^^H                  Urge  number  of   pivoted  magnetic  needles  arranged  ui 
^^H                 one  layer,    ^hen  these  needles  were  simply  agitated  and 
^^^B                 allowed  to  come  to  test  they  settled  down  in  miscellaneous 
^^H                 groups ;  but  when  acted  upon  by  a  gradually  increasing 
^^H               magnetic  force  they  turned  round,  the  operation  showing 
^^H               three  stages—  (i.)  with  very  small  magnetizing  force  the 
^H                needles  merely  turned  through  a  small  angle ;  (ii.)  when 
^^H                  a  certain  force  was  applied  the  groupings  became  unsta- 
^^H                 ble,  some  of  the  needles  suddenly  swinging  round  to  a  new 
^^B               position,  with  the  result  that  the  majority  of  the  needles 

J 
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point  nearly  but  not  quite  along  the  direction  of  the 
force ;  (iii.)  a  further  increase  of  the  magnetizing  force 
cannot  produce  much  more  effect;  it  can  only  pull  the 
needles  a  little  more  perfectly  into  line.  All  these  things 
correspond  to  the  three  stages  observed  (see  Art.  364)  in 
the  gradual  magnetization  of  iron  or  steel. 

Lesson  XI.  —  Laws  of  Magnetic  Force 

128.  Laws  of  Magnetic  Force. 

First  Law.  —  Like  magnetic  poles  repel  one 
another;  unlike  magnetic  poles  attract  one 
another. 

Second  Law.  —  The  force  exerted  between  two 
magnetic  poles  is  proportional  to  the  product 
of  their  strengths,  and  is  inversely  propor- 
tional to  the  square  of  the  distance  between 
them,  provided  that  the  distance  is  so  great 
that  the  poles  may  be  regarded  as  mere  points. 

129.  The  Law  of  Inverse  Squares.  —  The  second 
of  the  above  laws  is  commonly  known  as  the  law  of 
inverse  squares;  it 
is  essentially  a  law 
of  point -action, 
and  is  not  trae  for 
poles  of  elongated 
or  extended  sur- 
face. The  similar 
law  of  electrical 
attraction  has  al-  Fig.  76. 

ready  been  explained  and  illustrated  (Art.  19).  This  law 
furnishes  the  explanation  of  a  fact  mentioned  in  an  earlier 
lesson,  Art.  91,  that  small  pieces  of  iron  are  drawn  bodily 
up  to  a  magnet  pole.  If  a  small  piece  of  iron  wire,  a,  b  (Fig. 
76),  be  suspended  by  a  thread,  and  the  N-pointing  pole 


118 


ELECTRICITT   AMD  MAQJJETISM 


A  of  a  magnet  be  brought  near  it,  tlie  iron  is  thereby  iu- 
ductivel;  magnetized;  it  turns  round  and  points  towards 
the  magnet  pole,  setting  itself  as  nearly  an  possible 
along  a  line  of  force,  its  near  end  b  becoming  a  S-seeking 
pole,  and  its  farther  end  a  becoming  a  N-seeking  pole. 
Now  the  pole  li  will  be  attracted  and  the  pole  a  will  be 
repelled.  But  these  two  forces  do  not  exactly  equal  one 
another,  since  the  distances  are  nne<jnal.  The  repulsion 
will  (by  the  law  of  inverse  squares)  be  proportional  to 


-;  and  the  attraction  will  be  proportional  to- 


1 
(AS)' 


Hence  the  bit  of  iron  a,  h  will  experience  tt  pair  of  forces, 
tnrmag  it  into  a  certain  direction,  and  also  a  total  force 
drawing  it  bodily  toward  A.  Only  those  bodies  are 
attracted  by  magnets  in  which  magnetism  can  thus  bo 
induced;  and  they  are  attracted  only  because  of  the 
magnetism  induced  in  them. 

We  mentioned,  Art.  01,  that  a  magnet  needle  floating 
freely  on  a  bit  of  cork  on  the  surface  of  a  liquid,  is  acted 
upon  by  forces  that  give  it  a  certain  direction,  but  that, 
unlike  the  last  case,  it  does  not  tend  to  rush  as  a  whole 
either  to  the  north  or  to  the  south.  It  experiences  a 
rotation,  because  the  attraction  and  repulsion  of  the 
magnetic  poles  of  the  earth  act  in  a  certain  direction ; 
but  since  the  magnetic  poles  of  tlie  earth  are  at  a  distance 
enormously  great  as  compared  with  the  length  from  one 
pole  of  the  floating  magnet  to  the  other,  we  may  say  that, 
for  all  practical  purposes,  the  poles  of  the  magnet  are  at 
the  same  distance  from  the  X  pole  of  the  earth.  The 
attracting  force  on  the  N-pointing  pole  of  the  needle  is 
therefore  practically  no  greater  than  the  repelling  force 
acting  on  tlie  S-pointing  pole,  hence  there  is  no  motion 
of  translation  given  to  the  floating  needle  as  a  whole :  it 
is  directed,  not  atlrttr)ed. 

130.  Measurement  of  Magnetic  Forces.  —  The  truth 
of  the  law  of  iiiverae  si|nares  can  ba  demonstrated  by 
experiment.     But  this  implies  that  we  have  some  meana 
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of  measuring  accurately  the  amount  of  the  magnetic 
forces  of  attraction  or  repulsion.  Magnetic  force  may  be 
measured  in  any  one  of  the  four  following  ways :  (1)  by 
observing  the  time  of  swing  of  a  magnetic  needle  oscil- 
lating under  the  influence  of  the  force ;  (2)  by  observing 
the  deflexion  it  produces  upon  a  magnetic  needle  which 
is  already  attracted  into  a  different  direction  by  a  force 
of  known  intensity ;  (3)  by  balancing  it  against  the  tor- 
sion of  an  elastic  thread ;  (4)  by  balancing  it  against  the 
force  of  gravity  as  brought  into  play  in  attempting  to 
deflect  a  magnet  hung  by  two  parallel  strings  (called  the 
bifilar  suspension),  for  these  strings  cannot  be  twisted 
out  of  their  parallel  position  without  raising  the  centre 
of  gravity  of  the  magnet. 

131.  Deflexion  Experiment.  —  Fig.  77  shows  an  ap- 
paratus   in    which   a   compass-needle 

can  be  deflected  by  one  pole  of  a 
magnet  made  of  a  long  thin  bar  of 
steel,  so  mounted  that  its  upper  pole 
is  always  over  the  centre  of  the 
needle,  and  therefore  has  no  tendency 
to  turn  it.  So  set,  it  acts  as  a  one- 
pole  magnet,  the  pole  of  which  can 
be  placed  at  different  distances  from 
the  compass-needle.  It  is  found,  using 
a  proper  tangent-scale  (see  Art.  211) 
for  the  compass-needle,  that  when  the 
distance  is  doubled  the  deflecting  force  is  reduced  to  one 
quarter,  and  so  forth. 

132.  The  Torsion  Balance.  —  Coulomb  applied  the 
Torsion  Balance  to  the  measurement  of  magnetic  forces. 
The  main  principles  of  this  instrument  (as  used  to  meas- 
ure forces  of  electrostatic  repulsion)  were  described  on 
p.  20.  Fig.  78  shows  how  it  is  arranged  for  measuring 
magnetic  repulsions. 

To  prove  the  law  of  inverse  squares.  Coulomb  made  the 
following  experiment :  —  The  instrument  was  first  adjusted 
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BO  that  a  magnetic  needle,  hung  in  a  copper  stirrup  to  the 
fine  silver  thread,  lay  in  the  magnetic  meridian  without 
the  wire  being  twisted.  This  was  done  by  first  putting 
ill  the  magnet  aud  adjusting  roughly,  then  replacing  it  by 
a  copper  bar  of  equal  weight,  and  oDce  more  adjusting, 
thus  dimiubhing  the  error  by  repeated  trials.     The  next 


Fie  T8. 


step  was  to  ascertain  through  what  number  of  degrees  the 
torsion-head  at  the  top  of  the  thread  must  be  twisted  in 
order  to  drag  the  needle  1°  out  of  the  magnetic  meridian. 
Td  the  particular  experiment  cited  it  wae  found  that  35° 
of  torsion  corresponded  to  the  1°  of  deviation  of  the 
magnet ;  then  a  magnet  was  introduced  through  the  lid, 
that  pole  being  downwards  which  repelled  the  pole  of  the 
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suspended  needle.  It  was  found  (in  this  particular  ex- 
periment) to  repel  the  pole  of  the  needle  through  24°. 
From  the  preliminary  trial  we  know  that  this  directive 
force  corresponds  to  24°  x  35°  of  the  torsion-head,  and  to 
this  We  must  add  the  actual  torsion  on  the  wire,  viz.  the 
24°,  making  a  total  of  864°,  which  we  will  call  the 
"  torsion  equivalent "  of  the  repelling  force  when  the  poles 
are  thus  24°  apart.  Finally  the  torsion-head  was  turned 
round  so  as  to  twist  the  suspended  magnet  round,  and 
force  it  nearer  to  the  fixed  pole,  until  the  distance  between 
the  repelling  poles  was  reduced  to  half  what  it  was  at 
first.  It  was  found  that  the  torsion-head  had  to  be  turned 
round  8  complete  rotations  to  bring  the  poles  to  12°  apart. 
These  8  rotations  were  an  actual  twist  of  8°  x  360°,  or 
2880°.  But  the  bottom. of  the  torsion  thread  was  still 
twisted  12°  as  compared  with  the  top,  the  force  producing 
this  twist  corresponding  to  12  x  35  (or  420°)  of  torsion; 
and  to  these  the  actual  torsion  of  12°  must  be  added, 
making  a  total  of  2880°  +  420°  +  12°  =  3312.  The 
result  then  of  halving  the  distance  between  the  magnet 
poles  was  to  increase  the  iovce  fourfold,  for  3312  is  very 
nearly  four  times  864.  Had  the  distance  between  the 
poles  been  reduced  to  one-third  the  force  would  have  been 
nine  times  as  great. 

We  may  also,  assuming  this  law  proved,  employ  the 
balance  to  measure  the  strengths  of  magnet  poles  by 
measuring  the  forces  they  exert  at  known  distances. 

133.  Method  of  Oscillations.*  —  If  a  magnet  sus- 
pended by  a  fine  thread,  or  poised  upon  a  point,  be  pushed 
aside  from  its  position  of  rest,  it  will  vibrate  backwards 
and  forwards,  performing  oscillations  which,  although 
they  gradually  decrease  in  amplitude,  are  executed  in 

*  It  is  possible,  also,  to  measure  electrical  forces  by  a  "  method  of  os- 
cillations "  ;  a  small  charged  ball  at  the  end  of  a  horizontally-suspended  arm 
being  caused  to  oscillate  under  the  attracting  force  of  a  charged  conductor 
near  it,  whose  "  force  "  at  that  distance  is  proportional  to  the  square  of  the 
number  of  oscillations  in  a  given  time. 
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very  neurit/  equnltimna.  Infact,  they  follow  a,  law  similar 
bo  that  of  t)ie  OBcillatioua  executed  by  a  pendulum  awing- 
ing  under  the  influence  of  grarity.  The  law  of  peudular 
TibratioiiR  is,  that  the  square  of  the  number  of  oxciilaliom 
executed  in  a  gieen  time  is  proportional  to  the  farce.  Hence 
we  can  meaaura  magnetic  ioroea  by  counting  the  oscilla- 
tions made  lu  a  minute  by  a  magnet,  It  moat  be 
remembered,  however,  that  the  actual  number  of  orciIIb- 
tions  made  by  any  given  magnet  will  depend  on  the 
weight  of  the  magnet  and  on  its  leverage  around  its 
centre,  as  well  as  upon  the  strength  of  its  poles,  and  on 
the  intensity  of  tlie  field  in  which  it  may  be  placed  (see 
calculations,  Art.  361). 

We  can  use  this  method  to  compare  the  intensity  of 
the  force  of  the  earth's  magiietisni  *  at  any  platx  with  that 
at  any  other  plaiie  on  the  earth's  surface,  by  oscillating  a 
magnet  at  one  place  and  then  taking  it  to  the  other  place 
and  oscillating  it  there.  If,  at  the  first,  it  makes  a 
oscillations  in  one  minute,  and  at  the  second  b  oscillations 
a  minute,  then  the  magnetic  forces  at  the  two  places  will 
be  to  one  another  in  the  ratio  of  a'  to  t'. 

Again,  we  may  use  the  method  to  compare  the  force 
exerted  at  any  point  by  a  magnet  near  it  with  the  force 
of  the  earth's  magnetism  at  that  point.  For,  if  we  swing 
a  small  magnetic  needle  there,  and  find  that  it  makes  m 
oscillations  a  minute  under  the  joint  action  f  of  the  earth's 
magnetism,  and  that  of  the  neighbouring  magnet,  and 
that,  when  the  magnet  is  removed,  it  makes  ft  oscillations 
a  minute  under  the  influence  of  the  earth's  inagUetism 
alone,  then  m*  will  be  proportional  to  tiie  joint  forces,  n' 
to  the  force  due  to  the  earth's  magnetism,  and  the  differ- 
ence of  these,  or  m^~  n'  will  be  proportional  to  tJie  force 
due  to  the  neighbouring  mi^net. 


3  atri.alj,  0. 


8  tmrizontal  componenl. 


1  lOtol  the  osdllntliig  nesdJa. 
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134.  Surface  Distribution.  —  We  will  now  apply  the 
method  of  oscillations  to  measure  the  relative  quantities 
of  surface  magnetism  at  different  points  along  a  bar 
magnet.  The  magnet  to  be  examined  is  set  up  vertically 
(Fig.  79).  A  small  magnet,  capable  of  swinging  hori- 
zontally, is  brought  near  it  and  set  at  a  short  distance 
away  from  its  extremity,  and  then  oscillated,  while  the 
rate  of  its  oscillations  is  counted.  Suppose 
the  needle  were  such  that,  when  exposed  | 

to  the  earth's  magnetism  alone,  it  would     i4-- 
perform  3  complete  oscillations  a  minute,     '2  ■ 
and  that,  when  vibrating  at  its  place  near 
the  end  of  the  vertical  magnet  it  oscillated     e  - 
14  times  a  minute,  then  the  force  due      5  - 
to   the  magnet  will  be   proportional  to     ^  " 
142  _  32  =  196  -  9  =  187.     Nextly,  let 
the  oscillating  magnet  be  brought  to  an 
equal  distance  opposite  a  point  a  little 
away  from  the  end  of  the  vertical  magnet. 
If,  here,  it  oscillated  12  times  a  minute,  g 

we  know  that  the  force  will  be  propor-  ■bT^'tq 

tional  to  122  -  32  =  144  -  9  =  135,     g^  *^-  ^»- 

we  shall  find  that  as  the  force  falls  off  the  oscillations 
will  be  fewer,  until,  when  we  put  the  oscillating  magnet 
opposite  the  middle  of  the  vertical  magnet,  we  shall  find 
that  the  number  of  oscillations  is  3  per  minute,  or  that 
the  earth's  force  is  the  only  force  affecting  the  oscillations. 
In  Fig.  80  we  have  indicated  the  number  of  oscillations 
at  successive  points,  as  14,  12,  10,  8,  6,  5,  4,  and  3. 
If  we  square  these  numbers  and  subtract  9  from  each, 
we  shall  get  for  the  forces  at  the  various  points  the 
following :  — 187,  135,  91,  55,  27,  16,  7,  and  0.  These 
forces  may  be  taken  to  represent  the  strength  of  the  free 
magnetism  at  the  various  points,  and  it  is  convenient  to 
plot  them  out  graphically  in  the  manner  shown  in  Fig.  80, 
where  the  heights  of  the  dotted  lines  are  chosen  to  a  scale 
to  represent  proportionally  the  forces.     The  curve  which 
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joins  the  tops  of  these  ordiiiates  shows  graphically  how 
the  force,  which  is  greatest  at  the  end,  falls  off  toward 
the  middle.  On  a  distant  magnet  pole  these  forces,  thus 
represented  bj  this  ourrjlinear  tiiangle,  would  act  aa  if 


■kven 


ooncentrated  at  a  point  in  the  magnet  opposite  the  "  centre 
of  gravity  "of  this  triangle;  or,  ill  other  words,  the  "pole," 
which  is  the  centre  of  the  Tesultact  forces,  is  not  at  the 
end  of  the  magnet.  In  thin  bars  of  magnetized  steel  it  is 
at  about  -^  of  the  magnet's  length  from  the  end. 

136,  Magnetic  Moment. —  It  is  found  that  the  ten- 
dency of  a  magnet  to  turn  or  to  be  turned  by  another 
magnet  dejienda  not  only  on  the  strength  w  of  its  poles,  bat 
the  length  I  between  them.  The  product  of  tliese  two  quan- 
tities ni  X  /  is  called  the  magnetic  moment  of  the  magnet, 
and  is  sometimes  denoted  by  the  symbol  M.  As  the  exact 
position  of  a  magnet's  poles  is  often  unknown,  it  is  easier 
to  determine  M  than  to  measure  either  m  or  I  separately. 

136.  Method  of  Deflexions.  —  There  are  a  number 
of  ways  ill  which  the  deflexion  of  a  magnet  by  another 
magnet  may  he  made  use  of  to  measure  magnetic  forces.* 


Itow  Grjij's  Abaolule  Ifeature- 
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We  cannot  here  give  more  than  a  glance  at  first  principles. 
When  two  equal  and  opposite  forces  act  on  the  ends  of  a 
rigid  bar  they  simply  tend  to  turn  it  round.  Such  a  pair 
of  forces  form  what  is  called  a  "  couple,"  and  the  torque^ 
or  tendency  to  turn  (formerly  called  the  "  moment "  of  the 
couple),  is  obtained  by  multiplying  one  of  the  two  forces 
by  the  perpendicular  distance  between  the  directions  of 
the  forces.  Such  a  couple  tends  to  produce  a  motion  of 
rotation,  but  not  a  motion  of  translation.  Now  a  mag- 
netic needle  placed  in  a 
magnetic  field  across  the 
lines  of  force  experiences 
a  torque,  tending  to  rotate 
it  round  into  the  magnetic 
meridian,  for  the  N-seek- 
ing  pole  is  urged  north- 
wards, and  the  S-seeking 
pole  is  urged  southwards, 
with  an  equal  and  opposite 
force.  The  force  acting 
on  each  pole  is  the  pro- 
duct of  the  strength  of  the 
pole  and  the  intensity  of 
the  "field,"  that  is  to  say, 
of  the  horizontal  com- 
ponent of  the  force  of  the 
earth's  magnetism  at  the 
place.  We  will  call  the 
strength  of  the  N-seeking  pole  m ;  and  we  will  use  the 
symbol  II  to  represent  the  force  which  the  earth's 
magnetism  would  exert  in  a  horizontal  direction  on 
a  unit  of  magnetism.  (The  value  of  II  is  different 
at  different  regions  of  the  globe.)  The  force  on  the 
pole  A  (see  Fig.  81)  will  be  then  m  x  H,  and  that  on 
pole  B  will  be  equal  and  opposite.  We  take  NS  as 
the  direction  of  the  magnetic  meridian  :  the  forces  will 
be  parallel  to  this  direction.    Now,  the  needle  AB  lies 
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Fig.  81. 


126 


ELECTRlCIxr   AND   MAGKETISM 


obliquely  in  the  field,  while  the  magnetic  force  acting  on 
A  is  in.  the  directioo.  of  the  tine  PA,  o,ui  that  on  ti  in 
the  direction  QB,  as  shown  by  the  arrows.  PCJ,  is  the 
perpendicular  distaiica  between  these  forces ;  hence  the 
"moment"  of  the  couple,  or  torque,  will  be  got  by 
multiplying  the  length  PQ  by  the  force  exerted  on  one 
of  the  poles.  Using  the  symbol  Y  for  the  torque,  we 
may  write 

T  =  PQxm-H. 

But  PQ  is  equal  to  the  length  of  the  magnet  multiplied 
by  the  sine  ■  of  the  angle  AOR,  which  is  the  angle  of 
deflexion,  and  which  we  will  call  S.  Hence,  using  ;  for 
the  length  between  the  poles  of  the  magnet,  we  may 
write  the  espresition  for  the  moment  of  the  couple. 

Y  =  mlH  ■  sin  S. 

In  words  this  ia:  the  torqae  acting  on  the  needle  is 
proportional  to  its  "magnetic  moment"  (m  x  i),  to  the 
horizontal  force  of  the  earth's  magnetism,  and  to  the  sine 
of  the  angle  of  deflexion. 

The  reader  will  not  have  failed  to  notice  that  if  the 
needle  were  turned  more  obliquely,  the  distance  PQ 
would  be  longer,  and  would  be  greatest  if  the  needle 
were  turned  round  east-and-west,  or  in  the  direction 
EW.  Also  tlie  torque  tending  to  rotate  the  magnet 
will  be  less  and  leas  !is  the  needle  is  turned  more  nearly 
into  the  direction  NS. 

137.  Law  of  Tangents.  —  Now,  let  us  suppose  that  the 
deflexion  S  were  produced  Ijy  a  magnetic  force  applied  at 
right  angles  to  the  magnetic  meridian,  and  tending  to  draw 
the  pole  A  in  the  direction  RA.  The  lengtli  of  the  line  RT 
multiplied  by  the  new  force  will  be  the  leverage  of  the 
new  couple  tending  to  twist  the  magnet  into  the  direction 
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EW.  Now,  if  the  needle  has  come  to  rest  in  equilibrium 
between  these  two  forces,  it  is  clear  tliat  the  two  opposing 
twiats  are  jnst  equal  and  opposite  in  power,  or  that  the 
torque  due  to  one  couple  is  equal  to  that  of  the  other 
couple.  Hence  the  force  in  the  direction  WK  will  he  to 
the  force  in  the  direction  SN  in  tlie  aame  ratio  as  PQ  is 
to  RT,  or  as  PO  is  to  RO. 

Or,  oalliug  this  force/, 

/:  H  =  PO  :  RO. 

Or  /=tl^- 

But  PO  =  AR  and  ^  =  tan  8,  hence 
/=HtanS; 

ill  other  words,  the  vrngnstic  force  which,  acting  at  rigta 
'    angUs  to  the  meriilian,  produces  on  a  magnetic  needle  the 

deflexion  8,  is  eqwd  to  Ike  hirizontal  force  of  the  earti's 
I  magnetbim  at  that  point,  multiplied  by  the  tangent  of  the 
\    angle  of  deflexion.     Hence,  also, 

two  different  magnetic  forces  act- 
ing at  right  angles  to  the  meridian 

would  severally  deflect  the  needle 

through  angles  whose  tangents  are 

pTopifrlijmal  to  the  forces. 

This  very  important  theorem 

is  applied  in  the  conBtnictioii  of 

certain  galvanometers   (see  Art. 

212). 

138.   Magnetometers.  — The 

name  Hagnetotoetet  in  givmi  to 

any  magnet  specially  arranged 

as  an  instrument  for  the  purpose     _     "  '}  n"  , 

of   measuring   magnetic   forces.         "  ~      ~ 

The  methods  of  observing  the 

abaolate  values  of   mi^netio  forces  in   dyne-units   (units 

in.  the  "C.G.S."  system)  will  be  explained  in  Art  361 
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at  tka  end  of  Lesson  XXVII.  Very  Himple  magueto- 
meters,  consistinj;  of  small  needles  pirated,  or  suspended 
hy  n  fibre,  ai*e  commonly  used  for  measuriug  the  relative 
values  of  magnetic  forces.  One  very  sensitive  form  (Fig. 
82),  to  be  used,  like  the  reflecting  galvanometer  (Art. 
21!)),  with  abeam  of  li^lit  as  a  pointer,  consists  of  a  small 
thin  silvered  glass  mir- 

fror,  a,  half-inch  or  less 
'    in     diameter,     having 
two  or  three  very  light 
^,|,  ^  luagiiets   ceniented  at 

its  back,  susjieiided  by 
B  single  thread  of  cocoon  silk,  and  enclosed  in  a  suitable 
case.  Another  useful  form  (Fig.  88)  consists  of  a  short 
compass-needle  poised  on  a  pivot  having  a  light  index 
of  aluminJUTB  long  enough  to  move  over  a  scale  divided 
into  tangent  values  (see  Art.  212). 

A  convenient  deflexion  magnetometer  for  comparing 
the  magnetic  moments   (Art.  135)  of  two  mugnets  is 


afforded  by  such  a  tangent  compass  placed  in  the  middle 
of  a  graduated  platform  (Fig.  84).  There  are  two 
methods  of  using  tliis  apparatus. 

Fint  Ponilioa:  End-on  Method.  —  The  platform  being 
set  magnetically  east  and  west,  the  deflecting  magnet  is 
set  end-on.  Under  these  circumstauces  the  fome  is  found 
to  vary  directly  as  the  magnetic  moment  (Art.  135),  and 
ini'ersely  as  the  cube  of  the  distance  between  the  centres  of 
the  magnets,  or  in  synibub :  — 

/  =  2  J^ra. 
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But  we  have  seen  above  that  where  magnetic  force  is 
measured  by  a  deflexion  8  at  a  place  where  the  H  is 
earth's  horizontal  magnetic  force,  f  is  equal  to  H  tan  8 ; 
so  that 

2M/r8  =  H  tan  8, 
whence 

M  =  ^rSH  tan  8. 

Second  Position :  Broadside-on.  —  The  platform  being 
turned  into  the  north-south  position,  the  deflecting 
magnet  is  set  broadside-on.  In  this 
case  the  magnet  deflects  the  needle  in 
the  other  direction  and  with  half  the 
force  that  it  would  have  exerted  at  an 
equal  distance  in  the  end-on  position. 
But  the  force  still  varies  inversely  as 
the  cube  of  the  distance :  the  formula 
being  now 

/=M/r«, 
whence 

M  =  rSJI  tan  8. 
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139.  Balance  Methods.  —  In 
either  position  of  the  magnetometer 
platform  two  magnets  can  be  placed 
on  the  two  sides  of  the  board  so  as  to 
balance  one  another's  effects  by  adjust- 
ing them  to  proper  distances.  This 
gives  a  comparison  of  their  magnetic 
moments  in  terms  of  their  respective 
distances,  or 
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Fig.  85. 


140.  Hughes's  Magnetic  Balance. 
—  A  very  convenient  instrument  for  testing  the  mag- 
netic properties  of  different  specimens  of  iron  and  steel 
was  devised  by  Hughes  in  1884.     The  sample  to  be  tested 
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is  placed  in  a  magnetizing  eoil  A  (Fig.  8S),  and  a  current 
is  Heat  round  it.  It  deflects  a  lightly-suspeDded  indicating 
needle  B,  which  is  then  brought  to  zero  by  turning  a 
large  compensating  magnet  M  upon  its  centre.  A  small 
coil  C  ia  added  to  balance  the  direct  deflecting  effect  due 


Fig.S 


to  coil  A.  The  author  of  this  book  has  shown  that  if  the 
diatnnce  from  M  to  B  is  2-!i  times  the  length  of  M,  the 
angle  through  which  M  ih  turned  is  proportional  to 
the  magnetia  force  due  to  the  iron  core  at  A,  jirovided 
the  angle  is  leas  than  80°. 

141.  Unit  Strength  of  Pole.  — Tiie  Second  Law  of 
Magnetic  Force  {see  Art.  128)  stated  that  the  force  exerted 
between  two  polea  was  proportional  to  the  product  of 
their  strengtha,  and  was  inversely  proportional  to  the 
square  of  the  distance  between  them.  It  is  possible  to 
choose  such  a  strength  of  pole  that  this  proportionality 
ahall  become  numerically  an  equality.  In  order  that  this 
may  be  so,  we  must  adopt  the  following  as  our  unit  of 
strength  of  a  pole,  or  unit  magnetic  pole  :  A  Unit  Mag- 
iielic  Pole  is  one  of  suck  a  ttrenglh  that,  when  place/!  al  a 
distance  of  one  centimetre  from  a  emilar  pole  of  equal 
ftrenglh  it  repeh  it  taitk  a  force  of  one  dyne  (see  Art.  852). 
If  we  adopt  this  definition  we  may  express  the  second 
law  of  magnetic  force  iii  the  following  equation  :  — 
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where /is  the  force  (in  dynes),  m  and  m'  the  strengths  of 
the  two  poles,  and  d  the  distance  between  them  (in  centi- 
metres). From  this  definition  is  derived  the  arbitrary- 
convention  about  magnetic  lines.  If  at  any  place  in  a 
magnetic  field  we  imagine  a  unit  magnetic  pole  to  be  set 
it  will  be  acted  upon,  tending  to  move  along  the  lines  of 
the  field.  Then  if  at  that  place  we  find  the  force  on  the 
pole  to  be  H  dynes,  we  may  conceive  that  there  are  H 
lines  drawn  per  square  centimetre.  For  example,  if  we 
describe  the  field  as  having  50  lines  side  by  side  per 
square  centimetre,  we  mean  that  a  unit  pole  placed  there 
will  be  acted  on  with  a  force  of  50  dynes.  This  subject 
is  resumed  in  Lesson  XXVI.,  Art.  338,  on  the  Theory  of 
Magnetic  Potential. 

142.  Theory  of  Magnetic  Curves. — We  saw  (Art. 
119)  that  magnetic  figures  are  produced  by  iron  filings 
setting  themselves  in  certain  directions  in  the  field  of 
force  around  a  magnet.  We  can  now  apply  the  law  of 
inverse  squares  to  aid  us  in  determining  the  direction 
in  which  a  filing  will  set  itself  at  any  point  in  the 
field.  Let  NS  (Fig.  87)  be  a  long  thin  magnet,  and  P 
any  point  in  the  field  due  to  its  magnetism.  If  the  N- 
seeking  pole  of  a  small  magnet  be  put  at  P,  it  will  be 
attracted  by  S  and  repelled  by  N ;  the  directions  of  these 
two  forces  will  be  along  the  lines  PS  and  PN.  The 
amounts  of  the  forces  may  be  represented  by  certain 
lengths  marked  out  along  these  lines.  Suppose  the  dis- 
tance PN  is  twice  as  great  as  PS,  the  repelling  force  along 
PN  will  be  J  as  strong  as  the  attracting  force  along  PS. 
So  measure  a  distance  out,  PA  towards  S  four  times  as 
long  as  the  length  PB  measured  along  PN  away  from 
N.  Find  the  resultant  force  in  the  usual  way  of  com- 
pounding mechanical  forces,  by  completing  the  parallelo- 
gram PARB ;  the  diagonal  PR  represents  by  its  length 
and  direction  the  magnitude  and  the  direction  of  the 
resultant  magnetic  force  at  the  point  P.  In  fact  the  line 
PR  represents  the  line  along  which  a  small  magnet  or  an 
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iron  filing  would  set  itselE.  In  a  similar  way  we  might 
ascertain  the  direction  of  the  lines  of  force  at  any  point 
of  the  field.  The  little  arrows  in  Fig.  87  show  how  the 
linea  of  force  start  out  from  the  N  pole  and  curve  round 
to  meet  in  the  S  poll'.     The  student  aiiould  compare  thia 
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figure  with  the  iiuea  of  filiuga  of  Fig.  07.  Henceforth  we 
muat  think  of  every  magnet  as  beuig  permeated  hy  these 
magnetic  lines  which  extend  out  iovto  the  eurrounding 
apace.  The  whole  numher  of  magnetic  lines  which  run 
through  a  magnet  ia  termed  its  magnelicjivx  (Art.  337). 
143.  A  Magnetic  Paradoit.^rf  the  N-seeking  pole 
of  a  strong  magnet  be  held  at  some  distance  from  the 
N-seeking  pole  of  a  weak  magnet,  it  will  repel  it  ]  but 
if  it  ia  pushed  up  qnif«  close  it  will  be  found  now  to 
attract  it.  This  paradoxical  experiment  ia  explained  by 
the  fact  that  the  magnetiam  induced  in  the  weak  mag- 
net hy  the  powerful  one  will  be  of  the  opposite  kind, 
and  will  be  attracted ;  and,  when  the  powerful  magnet 
is  near,  this  induced  magnetism  may  overpower  and 
maak  the  original  magnetism  o£  tlie  weak  magnet.    The 
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student  must  be  cautioned  that  in  most  of  the  experi- 
ments on  magnet  poles  similar  perturbing  causes  are  at 
work.  The  magnetism  in  a  magnet  is  not  quite  fixed, 
but  is  liable  to  be  disturbed  in  its  distribution  by  the 
near  presence  of  other  magnet  poles,  for  no  steel  is  so 
hard  as  not  to  be  temporarily  affected  by  magnetic 
induction. 

Note  on  Ways  of  Reckoning  Angles  and  Solid 

Angles 

144.  Reckoning  in  Degrees.  —  When  two  straigjht  lines  cross 
one  another  they  form  an  angle  between  them ;  and  this  angle 
may  be  defined  as  the  amount  of  rotation  which  one  of  the  lines 
has  performed  round  a  fixed  point  in 

the  other  line.  Thus  we  may  suppose 
the  line  CP  in  Fig.  88  to  have  originally 
lain  along  CO,  and  then  turned  round 
to  its  present  position.  The  amount  by 
which  it  has  been  rotated  is  clearly  a  cer- 
tain fraction  of  the  whole  way  round ; 
and  the  amount  of  rotation  round  C  we 
call  "  the  angle  which  PC  makes  with 
OC,"  or  more  simply  "  the  angle  PCO." 
But  there  are  a  number  of  different 
ways  of  reckoning  this  angle.  The 
common  way  is  to  reckon  the  angle  by 

**  degrees  "  of  arc.  Thus,  suppose  a  circle  to  be  drawn  round  C, 
if  the  circumference  of  the  circle  were  divided  into  3G0  parts 
each  part  would  be  called  "one  degree"  (1°),  and  the  angle 
would  be  reckoned  by  naming  the  number  of  such  degrees  along 

the  curved  arc  OP.    In  the  figure  the  arc  is  about  57i°,  or  --* 

360 

of  the  whole  way  round,  no  matter  what  size  the  circle  is  drawn. 

145.  Reckoning  in  Radians.  —  A  more  sensible  but  less  usual 
way  to  express  an  angle  is  to  reckon  it  by  the  ratio  between  the 
length  of  the  curved  arc  that  "subtends"  the  angle  and  the 
length  of  the  radius  of  the  circle.  Suppose  wo  have  drawn  round 
the  centre  C  a  circle  whose  radius  is  one  centimetre,  the  diam- 
eter will  be  tioo  centimetres.  The  length  of  the  circumference 
all  round  is  known  to  be  about  3?  times  the  length  of  the  diam- 
etei,  or  more  exactly  3*14159.  .  .  .    This  number  is  so  awkward 
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that,  for  convenience,  we  always  use  for  it  the  Greek  letter  n. 
Hence  the  length  of  the  circumference  of  our  circle,  whose  radius 
is  one  centimetre,  will  he  G"28318  .  .  .  centimetres,  or  2ir  ceDti- 
metres.  We  can  then  reckon  any  angle  hy  naming  the  length  of 
arc  that  subtends  it  on  a  circle  one  centimetre  in  radius.  If  we 
choose  the  angle  POO,  such  that  the  curved  arc  OP  shall  be  just 
one  centimetre  long,  tliis  will  be  the  angle  one,  or  unit  of  angular 
measure,  or,  as  it  is  sometimes  called,  the  angle  POO  will  be  one 

**  radian."  In  degree-measure  one  radian  = =  57°  17  nearly. 

'in- 
All  the  way  round  the  circle  will  be  2it  radians.    A  right  angle 


Fif?.  89. 


will  be  -  radians. 

146.  Reckoning   by  Sines    or   Cosines.  —  In   trigonometry 

other  ways  of  reckoning  angles  are  use<l,  in  which,  however,  the 

angles  themselves  are  not  reckoned,  but 
certain  "functions  "  of  them  called  "sines," 
"cosines,"  "tangents,"  etc.  For  readers 
not  aci^ustomed  to  these  we  will  briefly 
explain  the  geometrical  nature  of  these 
"  functions."  Suppose  we  draw  (Fig.  89) 
our  circle  as  before  round  centre  CJ,  and 
then  drop  down  a  plumb-line  PM,  on  to  the 
line  CO ;  we  will,  instead  of  reckoning  the 
angle  by  the  curved  arc,  reckon  it  by  the 
length  of  the  line  PM.    It  is  clear  that 

if  the  angle  is  small,  PM  will  be  short ;  but  as  the  angle  opens 

out  towards  a  right  angle,  PM  will  get  longer  and  longer  (Fig. 

90) .    The  ratio  between  the  length  of  this  line  and  the  radius 

of  the  circle  is  called  the  "  sine  "   of  the 

angle,  and  if  the  radius  is  1  the  length  of 

PM  will  be  the  value  of  the  sine.    It  can 

never  be  greater  than  1,   though  it  may 

have  all  values  between  1  and  — 1.     The 

length  of  the  line  CM  will  also  depend  upon 

the  amount  of  the  angle.     If  the  angle  is 

small  CM  will  be  nearly  as  long  as  CO; 

if  the  angle  open  out  to  nearly  a  right  angle 

CM  will  be  very  short.    The  length  of  CM  (when  the  radius  is  1) 

is  called  the  "  cosine  "  of  the  angle.   If  the  angle  be  called  ^,  then 

we  may  for  shortness  write  these  functions : 

Sin0=™ 


Fig.  90. 


Cosd  = 


CP 
CM 
CP' 
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Fif?.  91. 


147.  Reckoning  by  Tangents.  —  Suppose  we  draw  our  circle 
as  before  (Fig.  91) ,  but  at  the  point  O  draw  a  straight  line  touch- 
ing the  circle,  the  tangent  line  at  O ;  let  us 
also  prolong  CP  until  it  meets  the  tangent 
line  at  T.  We  may  measure  the  angle 
between  OC  and  OP  in  terms  of  the  length 
of  the  tangent  OT  as  compared  with  the 
length  of  the  radius.  Since  our  radius  is 
1,  this  ratio  is  numerically  the  length  of 
OT,  and  we  may  therefore  call  the  length  ^ 
of  OT  the  **  tangent "  of  the  angle  OCP.  / 
It  is  clear  that  smaller  angles  will  have  / 
smaller  tangents,  but  that  larger  angles  ! 
may  have  very  large  tangents;  in  fact,  '«^ 
the  length  of  the  tangent  when  PC  was  \^ 
moved  round  to  a  right  angle  would  be 
infinitely  great.  It  can  be  shown  that  the 
ratio  between  the  lengths  of  the  sine  and 
of  the  cosine  of  the  angle  is  the  same  as 

the  ratio  between  the  length  of  the  tangent  and  that  of  the 
radius;  or  the  tangent  of  an  angle  is  equal  to  its  sine  divided 
by  its  cosine.    The  formula  for  the  tangent  may  be  written; 

tan.  =  TO  =  PM. 
OC     MC 

148.  Solid  Augrles. — When  three  or  more  surf  aces  inter- 
sect at  a  point  they  form  a  solid  angle :  there  is  a  solid  angle, 

for  example,  at  the  top  of  a 
pyramid,  or  of  a  cone,  and  one 
at  every  corner  of  a  diamond 
that  has  been  cut.  If  a  surface 
of  any  given  shape  be  near  a 
point,  it  is  said  to  subtend  a 
certain  solid  angle  at  that 
point,  the  solid  angle  being 
•mapped  out  by  drawing  lines 
from  all  points  of  the  edge  of 
this  surface  to  the  point  P  (Fig. 
92).  An  irregular  cone  will 
thus  be  generated  whose  solid 
angle  is  the  solid  angle  sub- 
tended at  P  by  the  surface  EF.  To  reckon  this  solid  angle  we 
adopt  an  expedient  similar  to  that  adopted  when  we  wished 
to  reckon  a  plane  angle  in  radians.  About  the  point  P,  with 
radius  of  1  centimetre,  describe  a  sphere^  which  will  intercept 


Fig.  92. 
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tlie  cone  uvsr  au  area  MN :  tlie  area  thus  iutercepLBil  measuiea 
tlic  solid  ungle.  II  the  sphere  have  the  radius  1,  its  total  surface 
is  4*.  The  aulid  angle  subtended  at  the  centre  by  a  hemtaphere- 
would  be  Sir.  It  will  be  seeu  that  the  ratio  between  the  urea  of 
the  surface  EP  and  the  area  of  the  surface  MH  la  the  ratio 
between  tbe  squares  of  tlie  lines  EF  aad  MP.  The  sulid  angle 
subtended  by  a  surface  at  a  point  (other  things  being  equal)  is 
iuTersely  propurtional  to  tbe  square  of  its  distance  fniia  the 
point.    This  is  the  basis  of  the  law  of  inverae  squares, 

A  table  of  radiaus,  sines,  tangents,  etc.,  is  given  bI  the  end 
ol  tbia  biiuk  as  Apptndii  A. 


Lebso.n  Xri.  —  Tenesirial  Maijnelisin 

149.  The   Uaiiner's  Compass.  —  It  was  mentioned 
u  Art.  87  that  tbe  Goiu|iass  suld  by  opticians  cuiisiste  of 


a  inBsnetiz'"d  steel  needle  luKiiced  on  i  fine  point  above 
a  card  niirkud  out  N    fe    F    W     etc     The  Hatiner'a 
Compass  13  ho^\ever  sonisnhat  difCerenth  arranged. 
In  Tit  9d  one  of  the  forms  of  a  Manner  s  C  ompasfl, 
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used  for  nautical  observations,  is  shown.  Here  the  card, 
divided  out  into  the  32  "  points  of  the  compass,"  is  itseJf 
attached  to  the  needle,  and  swings  round  with  it  so  that 
the  point  marked  N  on  the  card  always  points  to  the 
north.  In  the  best  modern  ships*  compasses,  such  as 
those  of  Lord  Kelvin,  several  magnetized  needles  are 
placed  side  by  side,  as  it  is  found  that  the  indications  of 
such  a  compound  needle  are  more  reliable.  The  iron 
fittiugs  of  wooden  vessels,  and,  in  the  case  of  iron  vessels, 
the  ships  themselves,  affect  the  compass,  which  has  there- 
fore to  be  corrected  by  placing  compensating  masses  of 
iron  near  it,  or  by  fixing  it  high  upon  a  mast.  The 
error  of  the  compass  due  to  magnetism  of  the  ship  is 
known  as  the  deviation, 

160.  The  Earth  a  Magnet.  —  Gilbert  made  the  great 
discovery  that  the  compass-needle  points  north  and  south 
because  the  earth  is  itseK  also  a  great  magnet.  The 
magnetic  poles  of  the  earth  are,  however,  not  exactly  at 
the  geographical  north  and  south  poles.  The  magnetic 
north  pole  of  the  earth  is  more  than  1000  miles  away 
from  the  actual  pole,  being  in  lat.  70°  5'  N.,  and  long. 
96^  46'  W.  In  1831,  it  was  found  by  Sir  J.  C.  Ross  to 
be  situated  in  Boothia  Felix,  just  within  the  Arctic 
Circle.  The  south  magnetic  pole  of  the  earth  has  never 
been  reached ;  and  by  reason  of  irregularities  in  the 
distribution  of  the  magnetism  there  appear  to  be  two 
south  magnetic  polar  regions. 

161.  Declination.  —  In  consequence  of  this  natural 
distribution  the  compass-needle  does  not  at  all  points  of 
the  earth's  surface  point  truly  north  and  south.  Thus,  in 
1894,  the  compass-needle  at  London  pointed  at  an  angle 
of  about  17°  west  of  the  true  north ;  in  1900  it  will  be 
16°  16'.     This  angle  between  the  magnetic  meridian  *  and 

♦  The  Magnetic  Meridian  of  any  place  is  an  Imaginary  plane  drawn 
through  the  zenith,  and  passing  through  tlie  magnetic  north  point  and 
magnetic  south  point  of  the  horizon,  as  observed  at  that  place  by  the 
pointing  of  a  horizontally- suspended  compass-needle. 
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the  geographical  meridinn  of  a.  place  is  called  the  magnetic 
Declination  of  that  p1ac«.  The  existence  of  this  decima- 
tion was  diacorered  hy  Columbua  in  14912,  though  it 
appears  to  have  been  previously  known  to  the  Cljinese, 
and  is  said  to  have  been  noticed  iii  Europe  in  the  early 
part  of  tlie  thu-teenth  century  by  Peter  Peregrinua.  The 
fact  that  the  declinatioii  differs  at  differeut  iwints  of  the 
earth's  surface,  is  the  undisputed  discovery  of  Columbus. 
In  order  that  ships  may  steer  by  the  compass,  magnetic 
charts  (Art.  154)  must  be  prepared,  and  the  declination  at 
different  places  accurately  measured.  The  upright  pieces 
P,  P,  on  the  "  azimuth  compass  "  drawn  in  Fig.  93,  are 
for  the  purpose  of  sighting  a  stai'  whose  position  may 
be  known  from  astronomical  tables,  and  thus  affording 
a  comparison  be- 
tween the  magnetic 
meridian  of  the 
jilace  and  the  geo- 
graphical meridian, 
and  of  trwiisuring 
tlie   itngle  between 

152.   Inclina- 
tion or  Dip.  — Nor- 

nn!nt-iiiaker,  dis- 
fov.-red  in  1570 
ilLLt  a  balanced 
mrdle,  when  mag- 
ii(*li/,ed,  tends  to 
dip  downwards  to- 
ward the  north. 
He  tlierefore  oon- 
FfK'M.  structed   a   Dip- 

piDg'Needle,  capa- 
ble of  turning  in  a  vertical  plane  about  a  hori;ioiital  axis, 
with  which  he  found  the  "dip"  to  be  (at  London)  an 
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angle  of  71°  50'.  A  simple  form  of  dipping-needle  is 
shown  in  Fig.  94.  The  dip-circles  used  in  the  magnetic 
observatory  at  Kew  are  much  more  exact  and  delicate 
instruments.  It  was,  however,  found  that  the  dip,  like 
the  declination,  differs  at  different  parts  of  the  earth's 
surface,  and  that  it  also  undergoes  changes  from  year  to 
year.  The  "  dip  "  in  London  for  the  year  1894  is  67'='  18' ; 
in  1900  it  will  be  67°  9'.  At  the  north  magnetic  pole 
the  needle  dips  straight  down.  The  following  table 
gives  particulars  of  the  Declination,  Inclination,  and 
total  magnetic  force  at  a  number  of  important  places, 
the  values  being  approximately  true  for  the  year  1900. 

Table  op  Magnetic  Declination  and  Inclination 

(for  Year  1900) 


Locality. 

Decli  nation. 

Dip. 

Total  Force 
(C.G.8.). 

London    .... 

16°  16'  W. 

6709'    N. 

0-47 

St.  Petersburg  . 

0"  30'  E. 

70°  46'  N. 

0-48 

Berlin 

9°  30'  W. 

66''  43'  N. 

0-48 

Paris 

140  .30'  W. 

64°  65'  N. 

0-47 

Rome 

10°  0'    W. 

58°  0'    N. 

0-45 

New  York  .  .  . 

90  12'  W. 

70°  0'    N. 

0-61 

Washington  .  . 

4°  35'  W. 

70°  18'  N. 

0-60 

San  Francisco  . 

16°  42'  E. 

62°  20'  N. 

0-54 

Mexico 

8^0'    E. 

45°  V    N. 

0-48 

St.  Helena  .  .  . 

25^0'    W. 

32°  12'  S. 

0-31 

Cape  Town    .  . 

29°  24'  W. 

58°  2'    S. 

0-.36 

Sydney    .... 

90  36'  E. 

62°  45'  S. 

0-57 

Hobarton    .  .  . 

25^0'    E. 

71°  12'  S. 

0-64 

Bombay  .... 

0°  36'  E. 

20°  38'  N. 

0-37 

Tokio 

40  6'    W. 

49°  52'  N. 

0-45 

153.  Intensity.  —  Three  things  must  be  known  in 
order  to  specify  exactly  the  magnetism  at  any  place ; 
these  three  elements  are : 


ELECTHICITT   AND   MAGNETISM 


The  Declination ; 

Ths  Iiioltiiatiou,  and 

The  liiteiisitj  of  the  Magnetic  Force. 

The  magnetic  force  is  measured  by  one  of  the  methods 
mentioned  in  the  preceding  lesson.  Its  direction  is  ia 
the  line  of  the  dipping-needle,  wMch,  like  every  magnet, 
teiida  to  set  itself  along  the  lines  of  force.  It  is,  however,  ■ 
more  convenient  to  jiicasure  the  force  not  in  its  total 
intecsity  In  the  line  of  the  dip,  but  to  meajiure  the 
horizontal  component  of  the  force, —  that  is  to  say,  the 
force  in  the  direction  of  the  horizontal  compiisB-needle, 
from  which  the  total  force  can  be  calculated  if  the  dtp  is 
known.*  Or  if  the  horizontal  and  vertical  coniponenta  of 
the  force  are  known,  the  total  force  and  the  angle  of  the 
dip  can  both  be  calculated, f  The  horizontal  component 
of  the  force,  or  "  horizontal  intensity,"  can  be  ascertained 
eitlier  by  the  method  of  Vibrations  or  by  the  method  of 
Deflexions.  The  uieaii  horizontEtl  force  of  the  earth's 
magnetistn  at  London  in  1890  wait  ■182-'j  dyne-units,  the 
mean  vertical  force  -4377,  tbe  total  force  (in  the  line  of  dip) 
was  4741  dyne-units.  The  distribution  of  the  magnetic 
force  at  different  points  of  the  earth's  surface  is  irreguiar, 
and  varies  in  difEerent  latitudes  according  to  an  approxi- 
mate law,  which,  as  given  by  Biot,  is  that  the  force  ia  pro- 
portional to  Vl  -{-  3  sin*/,  where  I  is  the  magnetic  latitude. 

164,  Magnetic  Maps.  —  For  purposes  of  convenience 
it  is  usual  to  construct  magnetic  maps,  ou  which  such 
data  aa  these  given  in  the  Table  on  p.  189  can  be  marked 
down.  Such  maps  may  be  constructed  in  several  ways. 
Thus,  it  would  be  possible  to  take  a  map  of  England,  or 
ol  the  world,  and  mark  It  over  with  lines  such  as  to 
represent  by  their  direction  the  actual  direction  in  which 
the  coinpasa  points  ;  in  fact  to  draw  the  lines  of  force  or 

*  Far  If  H  =  ItariionUI  Component  of  Foroe,  nnd  I'  Total  Fon>o.  and 
S  =  Attg]a  of  dip,  )  =;  H  f-  COB  6. 

t  For  M'  +  V"  =  I',  whoro  V  =  Tortiml  Component  of  Foroa. 
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magnetic  meridianB,  A  more  useful  way  of  marking  the 
map  is  to  find  out  those  piaues  at  which  the  declination 
is  the  same,  anil  to  join  these  places  by  a  line.  The 
Magnetic  Map  of  Great  Britain,  which  forms  the  Frontis- 
piece to  these  lessons,  is  constructed  on  this  plan  from  the 
magnetic  surrey  lately  made  hy  Rucker  and  Thorpe.  At 
Plymouth  the  compaas-needle  in  1900  will  point  18"  to 
the  west  of  the  geographical  north.  The  declination  at 
Lyntou,  at  Shrewshiiry,  and  at  Berwick  will  in  that  year 
be  the  same  as  at  Plymouth.  Kence  a  line  joining  these 
towns  may  be  called  a  line  of  equal  declination,  or  on 
.IsO£Oitic  line.  It  will  he  seen  from  this  map  that  the 
declination  is  greater  in  the  north-west  of  England  than 
in  the  south-east.  We  might  similarly  construct  a  mag- 
netic map,  marking  itwith  lines  joining  places  where  the 
dip  was  equal ;  such  lines  would  be  called  Isoclinlc  lines. 
In  England  they  run  across  the  map  from  west-south-west 
to  east-north-east.  For  example,  in  1800  the  needle  will 
dip  about  67°  at  London,  Sonthampton,  and  Plymouth. 
Through  these  places  then  the  isoclinic  of  ((7°  may  bo 
drawn  for  that  epoch.  On  the  globe  the  isogonic  lines 
run  for  the  moat  part  from  the  north  magnetic  pole  to  the 
south  magnetic  polar  i-egion.  but,  owing  to  the  irregulari- 
ties of  distribution  of  the  earth's  magnetism,  their  forms 
are  not  simple.  The  isoclinic  lines  of  the  globe  run  round 
the  earth  like  the  parallels  of  latitude,  but  are  irregular 
in  form.  Thus  the  line  joining  places  where  the  north- 
seeking  pole  of  the  needle  dips  down  70°  runs  across 
England  and  Wales,  passes  the  south  of  Ireland,  then 
crosses  the  Atlantic  in  asouth-weaterly  direction,  traverses 
the  United  States,  swerving  northwards,  and  just  crosses 
the  southern  tipof  Alaska.  It  drops  somewhat  southward 
i^in  as  it  crosses  China,  but  again  curves  northwards  as 
it  enters  Russian  territory.  Finally  it  crosses  the  south- 
em  part  of  the  Baltic,  and  reaches  England  across  the 
German.  Ocean.  The  magnetic  chart  of  the  United 
States,  which  is  also  given  at  the  front  of  this  book,  is  for 
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the  year  1900.  It  has  been  prepared  from  data  furnished 
by  Professor  Mendeiihall  of  the  U.S.  Geodetic  Survey, 
It  will  be  noticed  that  in  the  year  lOOO  the  magnetic 
declination  will  be  zero  a,t  Lansing  (Mich.),  Columbus 
(Ohio),  and  Charleston  (S.  Carolina). 

The  line  paaaing  through  places  of  no  declination  is 
called  the  agonic  line.  It  passes  across  both  hemisphereB, 
crossing  Russia,  Persia,  and  Australia.  There  is  another 
agonic  line  in  eastern  Asia  enclosing  a  region  around 
Japan,  witliin  which  there  is  a  westerly  declination. 

166.  Variationa  of  Earth's  Magnetism.  —  We  have 
already  mentioned  that  both  the  declination  and  the 
inclination  are  subject  to  changes ;  some  of  these  changes 
taie  place  very  slowly,  others  occur  every  year,  and  others 
again  every  day. 

Those  changes  which  require  many  years  to  run  their 
course  are  nailed  secular  changes. 

The  variations  of  the  declination  previous  to  1580  are 
not  recorded ;  the  compasB  at  London  then  pointed  11° 
east  of  true  north.  This  easterly  declination  gradually 
decreased,  until  in  1657  the  compass  pointed  true  north. 
It  then  moved  westward,  attaining  a  maicimum  of  24°  27' 
about  the  year  1810,  from  which  time  it  has  slowly  dimin- 
ished to  its  present  value  (18°  57'  in  1894)  ;  it  diminishes 
(in  England)  at  about  the  rate  of  7'  per  year.  At  about 
the  year  1976  it  will  again  point  truly  north,  making  a 
complete  cycle  of  changes  in  about  320  years. 

The  Inclination  in  1576  was  71°  50',  and  it  slowly 
increased  till  1720,  when  the  angle  of  dip  reached  the 
maximum  value  of  74''42'.  It  has  since  steaiiily  dimin- 
ished to  its  present  (1894)  value  of  67°  39'.  The  period 
in  which  the  cycle  is  completed  is  not  known,  but  the  rate 
of  variation  of  the  dip  is  less  at  the  present  time  than  it 
was  fifty  years  ago.  In  all  parts  of  the  earth  both 
declination  and  inclination  are  slowly  changing.  The 
following  table  gives  the  data  of  the  secular  changes  at 
London. 
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Table  of  Secular  Magnetic  Variations 


Year. 

Declination. 

Inclination. 

1576 

71°  50' 

1580 

no  17'  E. 

1600 

72^0' 

1622 

6^12' 

1634 

400^ 

1657 

00  0'  min. 

1676 

3°  0'  W. 

730  30' 

1705 

90  0' 

1720 

13°  0' 

74°  42'  max. 

1760 

19°  30' 

1780 

72°  8' 

1800 

240  6' 

70°  35' 

1816 

240  30'  ma.x. 

1830 

24^2' 

69°  3' 

1855 

230  0' 

1868 

20°  33' 

68°  2' 

1878 

19°  14' 

67°  43' 

1880 

18°  40' 

67°  40' 

1890 

170  26' 

67°  23' 

1900 

16°  16' 

67°  9' 

The  Total  Magnetic  force^  or  "  Intensity,"  also  slowly 
changes  in  value.  As  measured  near  London,  it  was 
equal  to  -4791  dyne-units  in  1848,  -4740  in  1866,  in 
1880  -4736  dyne-units,  in  1890  -4741.*  Owing  to  the 
steady  decrease  of  the  angle  at  which  the  needle  dips, 
the  horizontal  component  of  this  force  (i.e.  the  "  Hori- 
zontal Intensity")  is  slightly  increasing.  It  was  4716 
dyne-units  in  1814,  -1797  dyne-units  at  the  beginning  of 
1880,  and  -1823  dyne-units  in  1890. 

156.  Daily  Variations.  —  Both  compass  and  dipping- 
needle,  if  minutely  observed,  exhibit  slight  daily  mo- 

♦  That  is  to  say,  a  north  magnet  pole  of  unit  strength  Is  urged  In  the 
line  of  dip,  with  a  mechanical  force  of  a  little  less  than  half  a  dyne. 
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tions.  About  7  a.m.  the  compass-needle  begins  to  travel 
westward  with  a  motion  which  losta  till  about  1  p.m.; 
during  the  afternoon  and  evening  the  needle  slowly 
travels  bock  eastward,  until  abont  10  p.m.  ;  after  tliis 
it  rests  quiet ;  but  in  summer-tune  the  needle  begins 

3  again  slightly  to  the  west  at  about  midnight, 
and  returns  again  eastward  before  7  a.m.  These  delicate 
variations — never  more  than  10'  of  arc  —  appear  to 
be  connected  with  the  position  of  the  sun ;  and  the  moon 
also  exercises  a  minute  influence  upon  the  position  of 
the  needle. 

157.  Annual  Variations.  —  There  is  also  an  annual 
variation  corresponding  with  the  movement  of  the  earth 
around  the  sun.  In  tlie  British  Islands  the  total  force 
is  greatest  in  June  and  lewt  in  February,  hut  in  the 
Southern  Hemisphere,  in   Tasmania,  the  reverse  is  the 

The  dip  also  differs  with  the  season  of  the  year, 
the  angle  of  dip  beiug  (iu  England)  less  duriug  the  four 

■T  months  than  in  the  rest  of  the  year. 

168.  Eleven-Ye&r  Period.  —  General  Sabine  dis- 
covered that  there  ia  a  larger  amount  of  variation  of 
the  decliiiatioii  occurring  about  once  every  eleven  years. 
Sohwabo  noticed  that  the  recurrence  of  these  periods 
coincided  with  the  eleven-year  periods  at  which,  there 
is  a  maximum  of  ipots  on  the  sun.  Profesaor  Balfour 
Stewart  and  others  have  endeavoured  to  trace  a  oirailar 
periodicity  in  the  recurrence  of  aurotffl  •  and  of  other 
ph.uo,,,.,,.. 

169.  Uagnetic  Stonna.  —  It  ia  sometimes  observed 
that  a  sudden  (tliough  very  minute)  irregular  disturbance 
will  affect  the  whole  of  tlie  compasB-needles  over  a  con- 
siderable region  of  the  globe.  Such  occurrences  are 
known  as  magnetic  storraa ;  they  frequently  occur  at  the 
time  when  an  aurora  is  visible. 

160.  Self-recording  Magnetic  Apparatus.  —  At  Kew 
and  other  magnetic  observatories  the  daily  and  hourly 

•  See  Leisoa  XXIV.,  on  AUuoeplicric  ElfcUiofty. 
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variations  of  the  magnet  are  recorded  on  a  continuous 
register.  The  means  employed  consists  in  throwing  a 
beam  of  light  from  a  lamp  on  to  a  light  mirror  attached 
to  the  magnet  whose  motion  is  to  be  observed.  A  spot 
of  light  is  thus  reflected  upon  a  ribbon  of  photographic 
paper  prepared  so  as  to  be  sensitive  to  light.  The  paper 
is  moved  continuously  forward  by  a  clockwork  train ; 
and  if  the  magnet  be  at  rest  the  dark  trace  on  the  paper 
will  be  simply  a  straight  line.  If,  however,  the  magnet 
moves  aside,  the  spot  of  light  reflected  from  the  mirror 
will  be  displaced,  and  the  photographed  line  will  be 
curved  or  crooked.  Comparison  of  such  records,  or 
viagnetographs^  from  stations  widely  apart  on  the  earth's 
surface,  promises  to  afford  much  light  upon  the  cause  of 
the  changes  of  the  earth's  magnetism,  to  which  hitherto 
no  reliable  origin  has  been  with  certainty  assigned. 
Schuster  has  shown  that  these  changes  generally  come 
from  without,  and  not  from  within. 

161.  Theory  of  Earth's  Magnetism.  —  The  phenome- 
non of  earth-currents  (Art.  233)  appears  to  be  con- 
nected with  that  of  the  changes  in  the  earth's  magnet- 
ism, and  can  be  observed  whenever  there  is  a  display  of 
aurora,  and  during  a  magnetic  storm ;  but  it  is  not  yet 
determined  whether  these  currents  are  due  to  the  varia- 
tions in  the  magnetism  of  the  earth,  or  whether  these 
variations  are  due  to  the  currents.  It  is  known  that  the 
evaporation  (see  Art.  71)  always  going  on  in  the  tropics 
causes  the  ascending  currents  of  heated  air  to  be  electri- 
fied positively  relatively  to  the  earth.  These  air-currents 
travel  northward  and  southward  toward  the  colder  polar 
regions,  where  they  descend.  These  streams  of  electri- 
fied air  will  act  (see  Art.  397)  like  true  electric  currents, 
and  as  the  earth  rotates  within  them  it  will  be  acted 
upon  magnetically.  The  author  has  for  twelve  years 
upheld  the  view  that  this  thermodynamic  production 
of  polar  currents  in  conjunction  with  the  earth's  diurnal 
rotation  affords  the  only  rational  means  yet  suggested 
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for  accounting  for  the  growth  of  the  earth's  magnetism 
to  its  present  state.  The  action  of  the  sun  and  moon 
in  raising  tides  in  the  atmosphere  might  account  for  the 
variations  mentioned  in  Art.  155.  It  is  important  to 
note  that  in  all  magnetic  storms  the  intensity  of  the 
perturbations  is  greatest  in  the  regions  nearest  the  poles ; 
also,  that  the  magnetic  poles  coincide  very  nearly  with 
the  regions  of  greatest  cold;  that  the  region  where 
auroras  (Art.  336)  are  seen  in  greatest  abundance  is  a 
region  lying  nearly  symmetrically  round  the  magnetic 
pole.  It  may  be  added  that  the  general  direction  of  the 
feeble  daily  earth-currents  (Art.  233)  is  from  the  poles 
toward  the  equator. 
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CURRENT    ELECTRICITY 

Lesson  XIII.  —  Simple  Voltaic  Cells 

162.  Flow  of  Currents.  —  It  lias  been  already  men- 
tioned, in  Lesson  IV.,  how  electricity  flows  away  from 
a  charged  body  tlirough  any  conducting  substance,  such 
as  a  wire  or  a  wetted  string.  If,  by  any  arrangement, 
electricity  could  be  supplied  to  the  body  just  as  fast  as 
it  flowed  away,  a  continuous  current  would  be  produced. 
Such  a  current  always  flows  through  a  conducting  wire, 
if  the  ends  are  kept  at  different  electric  potentials.  In 
like  manner,  a  current  of  heat  flows  through  a  rod  of 
metal  if  the  ends  are  kept  at  different  temperatures,  the 
flow  being  always  from  the  high  temperature  to  the 
lower.  No  exact  evidence  exists  as  to  the  direction  in 
which  the  current  in  a  wire  really  *' flows."  It  is  con- 
venient to  regard  the  electricity  as  flowing  from  positive 
to  negative;  or,  in  other  words,  the  natural  direction 
of  an  electric  current  is  from  the  high  potential  to  the 
low.  It  is  obvious  that  such  a  flow  tends  to  bring  both 
to  one  level  of  potential.  In  order  that  a  continuous 
flow  may  be  kept  up  there  must  be  a  circuit  provided. 
The  "  current "  has  sometimes  been  regarded  as  a  double 
transfer  of  positive  electricity  in  one  direction,  and  of 
negative  electricity  in  the  opposite  direction.  The  only 
evidence  to  support  this   very  unnecessary  supposition 
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is  the  fact  that,  in  the  decomposition  of  liquids  by  the 
current,  some  of  the  elements  are  liberated  at  the  place 
where  the  current  enters,  others  at  the  place  where  it 
leaves  the  liquid. 

The  quantity  of  electricity  conveyed  by  a  current  is 
proportional  to  the  current  and  to  the  time  that  it  con- 
tinues to  flow.  The  practical  unit  of  current  is  called  the 
ampere  (see  Arts.  207  and  254).  The  quantity  of  electri- 
city conveyed  by  a  current  of  one  ampere  in  one  second  is 
called  one  ampere-second  or  one  coulomb.  One  ampere- 
hour  equals  3600  coulombs.  If  C  is  the  number  of 
amperes  of  current,  t  the  number  of  seconds  that  it  lasts, 
and  Q  the  number  of  coulombs  of  electricity  thereby  con- 
veyed, the  relation  between  them  is  expressed  by  the 
formula :  — 

Q  =  C  X  ^ 

Example.  —  If  a  current  of  80  amperes  flows  for  15  minutes 
the  total  quantity  of  electricity  conveyed  will  be 
80  X  15  X  60  =  72,000  coulombs.  This  is  equal  to  20 
ampere-hours. 

Currents  are  called  continuous  if  they  flow,  without 
stopping,  in  one  direction.  They  are  called  alternate 
currents  if  they  continually  reverse  in  direction  in  a 
regular  periodic  manner,  flowing  first  in  one  direction 
round  the  circuit  and  then  in  the  other. 

Continuous  currents  of  electricity,  such  as  we  have 
described,  are  produced  by  voltaic  cells,  and  batteries  of 
such  cells,  or  else  by  dynamos  driven  by  power,  though 
there  are  other  sources  of  currents  hereafter  to  be  men- 
tioned. Alternate  currents  are  produced  by  special 
alternate  current  dynamos  or  alternators,  and  are  sepa- 
rately treated  of  in  Art.  470. 

163.  Discoveries  of  Galvani  and  of  Volta.  —  The  dis- 
covery of  electric  currents  originated  with  Galvani,  a 
physician  of  Bologna,  who,  about  the  year  178(),  made  a 
series  of  curious  and  important  observations  upon  the 


THE   VOLTAIC   PILE 


convulsive  motions  produceil  by  the  "return-shock"  (Art. 
'26)  and  other  electric  discharges  upou  a  Stag's  leg.  He 
vraa  led  by  thia  to  the  discovery  tha,t  it  was  not  neceaaary 
to  use  an  electric  machiue  to  produce  tiiese  efiecta,  but 
that  a  similar  convulsive  kick  vvas  produced  in  the  frog's 
1^  when  two  dissimilar  metals,  iron  and  copper,  for 
example,  were  placed  iu  contact  with  &  neire  and  a 
muscle  respectively,  and  then  brought  into  contact  with 
each  other.  Calvaiii  imagined  this  action  to  be  due  to 
electricity  generated  by  the  frog's  leg  itsell.  It  was, 
however,  proved  by  Vultn,  Professor  in  the  University 
of  Paviiw  that  the  electricity  arose  not  fi'om  the  muscle 
or  nerve,  but  fiom  the  contact  of  the  dissimilar  metals. 
When  two  metals  are  placed  in  contact  with  one  another 
in  the  air,  one  becomes  positive  and  the  other  negative, 
as  we  have  seen  near  the  end  of  Lesson  vn.,  though  the 
charges  are  very  feeble.  Volta,  however,  proved  their 
reality  by  two  different  methods. 

164.  The  Voltaic  Pile.  —  The  second  of  Volta's 
proofs  was  less  direct,  but  even  more  convincing;  and 
consisted  in  showing  that  when  a  num- 
ber of  such  contacts  of  dissimilar  metals 
could  be  arranged  so  as  to  add  their 
electrical  effects  together,  those  effects 
were  more  powerful  in  proportion  to  the 
number  of  the  contacts.  With  this  view 
he  constructed  tlie  apparatus  known  (in 
houour  of  the  discoverer)  as  the  Voltaic 
Pile  (Fig.  05).  It  is  made  by  placing  a 
pairof  disks  of  zinc  and  copper  in  contact 
with  one  another,  then  laying  on  the 
copper  disk  a  piece  of  flannel  or  blotting- 
paper  moistened  with  brine,  then  another 
pair  of  disks  of  i!ine  and  copper,  and  so  y,^  ^^ 

on,  each  pair  of  disks  in  the  pile  being 
separated  by  a  moist  conductor.     Such  a  pile,  if  composed 
of  a  number  of  such  pairs  of  disks,  will  produce  electricity 
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enough  to  give  quite  a  percepttlile  Hhock,  if  the  top  and 
botloiii  disks,  or  wures  connected  with  them,  he  toudied 
Hiiuult-aueoiLflly  with  the  moist  fingers.  When  a  single 
pair  of  metals  are  placed  in  contact,  one  beeomea  +\j 
electrical  to  a  certain  small  extent,  and  the  other  —  ly 
electrical,  or,  in  other  words,  there  is  aeertain  difference  of 
electric  potential  (see  Art  2S5)  between  them.  But  when 
a  number  are  thus  set  in  series  with  moist  conductors 
between  the  BuccesBive  paini,  the  difference  of  potential 
between  the  first  zinc  and  tite  last  cupper  disk  ia  increiwed 
in  proportion  to  the  nnniher  of  pairs;  for  now  all  the 
successive  small  differences  of  poteritialnre  added  together. 
136.  The  Crown  of  Cups.  —  Another  combination 
derieed  by  Volta  was  hia  Caiirnnue  ilc  Tasses  or  Urimm 
of  Cups.  It  consisted  of  a  number  of  cups  (Fig.  05), 
flUed  either  with  brine  or  dilute  acid,  into  which  dipped 
a  number  of  compound  strips,  half  zinc,  half  copper, 
if  one  strip  dipping  into  one  cup,  while 


the  copper  portion  dipped  into  the  other  cup.  The 
difference  of  potential  between  the  first  and  last  cups 
is  again  proportionftl  to  the  number  of  pairs  of  metal 
strips.  This  arrangement,  though  bftdly  adapted  for 
such  a  purpcitse,  is  powerful  enough  to  ring  an  electric 
bell,  the  wires  of  which  are  joined  to  the  first  zinc  and 
the  lost  copper  strip.     The  electrical  action  of  these 
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combinatiouB  is,  however,  hest  uiideratood  by  studying 
tliB  phenomena  of  one  single  cup  or  cell. 

166.   Simple  Voltaic   Cell.  —  Place  in  a  glass   Jar 

jlne  water  having  a,  little  sulphuric  acid  or  any  other 

oiidiitiug  acid  added  to   it  (Fig.  07).     Place  in  it  aep- 

I   arately  two  clean  strips,  one  a[  zini;  Z,  aud  one  of  copper 

"  This  cell  ia 
'  capable  of  supply- 
continuous 
flow  of  electricity 
through  a  wire 
whose  ends  are 
brought  into  con- 
iTith  the 
'  two  strips.  When 
the    current   flows 

observed  to  waste 
away;  its  conannip- 
tiou  in  fact  fur- 
nishes the  energy 
required  to  drive 
the  current  through 
the    cell    and    the  fL),-.  bt. 

meeting       wire. 
The  cell  may  therefore  be  regarded  as  a  sort  of  chemical 

,    furnace  in  which  fuel  is  consumed  to  drive  the  current. 
1  is  the  fuel  *  the  acid  is  the  ahment,  whilst  the 

I  copper  is  merely  a  metillii..  hmd  let  down  into  the  cell 

I  to  pick  up  the  current   and  takes  no  part  chemically. 

I  Before  the  strips  are  connected  by  a  wire  no  appreciable 
difference  of  potential  betwi^en  the  copper  and  the  zinc 
will  be  observed  by  an  electrometer  because  the  electro- 
meter only  measures  the  potential  at  a  point  in  the  air  or 
'  ~       g  medium  outside  the  zinc  or  the  copper,  not  the 


^ilngDi 


ta  easUf  kindled. 
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putentiais  of  the  inetala  theoiBelvea.  The  ziiio  ia  tryinj; 
to  dissolva  and  throw  a  ourrent  acroaa  to  the  copper ; 
while  the  copper  is  trpiig  (less  powerfully)  to  disaolve 
and  throw  a  currcut  across  the  other  way.  The  zinc 
itself  is  at  ubout  1-86  volts  higher  potential  thau  the 
aurroimdiug  oxidiziug  taedia  (see  Art.  4S9)  ;  while  the 
copper  ia  at  only  about  -81  volts  higher,  having  a  less 
tendency  to  become  oxidized.  There  is  then  a  latent 
dif!erence  of  potential  of  about  1'05  volts  between  the 
ziuc  and  the  copper;  but  this  produces  no  current  as 
long  as  there  is  no  metallic  circuit.  If  the  strips  are 
made  to  tonch,  or  are  joined  by  a  pair  of  metal  wires, 
immediately  there  is  a  rush  of  electricity  through  the  acid 
from  the  ziuc  to  the  copper,  as  indicated  by  the  arrows 
in  Fig.  97,  the  current  returning  by  the  metal  circuit 
from  the  copper  to  the  zinc.  A  small  portion  of  the  zinc 
is  at  the  same  time  dissolved  away ;  the  zinc  parting 
with  its  latent  energy  as  its  atoms  combine  with  the  acid. 
This  energy  is  expended  in  forcing  electricity  through 
the  acid  to  the  co[iper  strip,  and  thence  tiirough  the  wire 
circuit  back  to  the  zinc  strip.  The  copper  strip,  whence 
the  current  starts  on  its  journey  thi'ough  the  externa] 
circuit,  is  called  the  positive  pole,  and  the  zinc  strip  is 
called  the  negative  pole.  If  two  copper  wires  are  united 
to  the  tops  of  the  two  strips,  though  no  current  flows  ao 
long  OS  the  wires  are  kept  separate,  the  wire  attached  to 
the  zinc  will  be  found  tc  be  negative,  and  that  attached 
to  the  copper  positive,  there  being  still  a  tendency  for 
the  zinc  to  oxidize  and  drive  electricity  through  the  cell 
from  zinc  to  copper.  This  state  of  things  is  represented 
by  the  +  and  —  signs  in  Fig.  97;  and  this  distribution 
of  potentials  led  some  to  consider  the  junction  of  the  zinc 
with  the  copper  wire  as  the  starting  point  of  the  current. 
But  the  real  starting  point  is  in  the  cell  at  the  surface  of 
the  zinc  where  the  chemical  action  is  furnishing  energy; 
for  from  this  point  tiiere  are  propagated  through  the 
liquid  certain  electro-chemical  actions  (more  fully  ex- 
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plained  in  Chap.  XJ.)  wbieh  Lave  tlie  result  of  coustautly 
ronewing  the  difference  of  potential.  At  the  same  time 
it  will  be  uoticed  that  a  few  bubbles  of  hydrogen  gas 
appear  on  the  surface  of  the  copper  plate.  Both  these 
actions  go  on  as  long  as  the  wires  are  joined  to  form  a 
complete  circuit.  The  metallic  zinc  may  be  considered 
as  a  store  of  energy.  We  know  that  if  burned  as  a  fuel 
in  oxygen  or  air  it  will  give  out  that  store  of  energy  as 
heat.  If  burned  in  this  quiet  chemical  manner  in  a 
cell  it  gives  out  its  store  not  as  heat  —  any  Leat  in  a  cell 
is  so  much  waate  —  but  in  the  form  of  electric  energy, 
i.e.  the  energy  of  an  electric  current  propelled  by  an 
electromotive  force. 

167.  Effects  produced  by  Current —  The  current 
itself  cannot  be  seen  to  flow  through  the  wire  circuit; 
hence  to  prove  that  any  particular  cell  or  combination 
produces  a  current  requires  a  knowledge  of  some  of  the 
effeetg  which  cuiTentfl  can  produce.  These  are  of  various 
kinds.  A  current  flowing  through  a  thin  wire  will  heat 
it;  flowing  near  a  magnetic  needle  it  will  cause  it  to 
turn  aside;  flowing  through  water  and  other  liquids  it 
decomposes  them ;  and,  lastly,  flowing  through  the  living 
body  or  any  sensitive  portion  of  it,  it  produces  certain 
sensations.  These  effects,  thermal,  magnetic,  chemical, 
and  physiological,  will  be  considered  in  special  lessons. 

168.  Voltaic  Batteiy.  —  If  a  number  of  such  simple 
cells  are  united  in  series,  the  zinc  plate  of  one  joined  to 
the  copper  plate  of  the  next,  and  so  on,  a  greater  dilfer- 
euoe  of  potentials  will  he  produced  between  the  copper 
"  pole  "  at  one  end  of  the  series  and  the  Kinc  "  pole  "  at 
the  other  end.  Hence,  when  the  two  poles  are  joined 
by  a  wire  there  will  be  a  more  powerful  flow  of  electricity 
than  one  cell  would  cause.  Such  a  combination  of 
Voltaic  Cells  is  called  a  Voltaic  Battery."     There  are 
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man;  ways  of  grouping  b,  battery  of  cells,  but  two  need 
special  notice.  If  the  cells  are  joined  up  in  one  row, 
as  in  Fig.  Of!  or  Fig.  98,  they  are  said  to  be  in  series. 
Eleotriciaim  often  represent  a,  cell  by  a  symbol  iu  whiuh 
a  short  thiok  line  stands  for 


not  yield  more  current  (n 


0  and  a  longer  thin 
line  for  the  copper  (or  car- 
bon). Thus  Fig.  08  repre- 
sents four  celU  joined  in 
series.  So  joined  tliey  do 
e  ampere))  than  a  aiiigle  cell 


ffl!L. 


would  yield,  but  they  yield  that  curreut  with  a  fourfold 
electromotive  force  (i.e.  with  more  vdls  of  pressure). 

The  other  chief  way  of  gi-ouping  cells  is  to  join  all 
the  zinca  together  and  all  the  copiwra  {ur  carbons)  to- 
gether; and  they  are  then 
said  to  be  in  parallel,  or  are 
joined  "for  quantity."  So 
joined  they  have  no  greater 
electromotive  -  force  than 
one  cell.  The  zincs  act  like 
one   big  zinc,  the  coppers 

like  one  big  copper.  But  tliey  will  yield  more  current. 
Fig.  91)  shows  the  four  cells  grouped  in  paraiiei;  they 
would  yield  thus  a  current  four  times  as  great  aa  one  cell 
alone  would  yield, 

169,  ElBctromotive-Force.  —  The  term  eleclroniotiee- 
force  Vi  employed  to  denote  that  which  niovea  or  tends 
to   move   electricity   from   one   place   to  another.*     For 


Elictricity,  o\ 
gnly  In  di«ree 


The  vord  Bailer)!  ■" 


iIcaiHim  I :),  bnt,  im  wu  eliall  nee,  ICdlllbn 
icy  othur  ElecCridty,  uid  both  em  flow 
,  Biid  deoDiQpduG  cbemleal  corapoundEi. 
Dgomobt  vf  Dnn  or  mora  <w11b  ;  Just  u  In 

ner  must  nut  confuH  EketromatiBe-fora.  or  that  whloh 
ectriully,  w[th  Eleetric  "farce,"  ur  thnt  fiipi*  with  wiiloli 
to  move  matter.    Nowton  bns  vlrtunlly  deflncd  "Ibroo." 

ignetTs>peaki%hUr  of  namMKo/brns,-  whea eleotilclty 
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brevity  we  sometimes  write  it  E.M.F.  In  this  particular 
case  it  is  obviously  the  result  of  the  difference  of  poten- 
tial, and  proportional  to  it.  Just  as  in  water-pipes  a 
difference  of  level  produces  a  pressure,  and  the  pressure 
produces  Sb/low  so  soon  as  the  tap  is  turned  on,  so  differ- 
ence of  potential  produces  electromotive-force,  and  electro- 
motive-force sets  up  a  current  so  soon  as  a  circuit  is 
completed  for  the  electricity  to  flow  through.  Electro- 
motive-force, therefore,  may  often  be  conveniently  ex- 
pressed as  a  difference  of  potential,  and  vice  versa;  but 
the  student  must  not  forget  the  distinction.  The  unit  in 
which  electromotive-force  is  measured  is  termed  the  volt 
(see  Art.  354).  The  terms  pressure  and  voltage  are  some- 
times used  for  difference  of  potential  or  electromotive-force. 

170  Volta's  Laws.  —  Volta  showed  (Art.  79)  that 
the  difference  of  potential  between  two  metals  in  contact 
(in  air)  depended  merely  on  what  metals  they  were,  not 
on  their  size,  nor  on  the  amount  of  surface  in  contact. 
He  also  showed  that  when  a  number  of  metals  touched 
one  another  the  difference  of  potential  between  the  first 
and  last  of  the  row  is  the  same  as  if  they  touched  one 
another  directly.  A  quantitative  illustration  from  the 
researches  of  Ayrton  and  Perry  was  given  in  Art.  80. 
But  the  case  of  a  series  of  cells  is  different  from  that  of 
a  mere  row  of  metals  in  contact.  If  in  the  row  of  cells 
the  zincs  and  coppers  are  all  arranged  in  one  order,  so 
that  all  of  them  set  up  electromotive-forces  in  the  same 
direction,  the  total  electromotive-force  of  the  series  will  he 
equal  to  the  electromotive-force  of  one  cell  multiplied  by  the 
number  of  cells. 

Hitherto  we  have  spoken  only  of  zinc  and  copper  as 
the  materials  for  a  cell ;  but  cells  may  be  made  of  any 
two  metals.  The  effective  electromotive-force  of  a  cell 
depends  on  the  difference  between  the  two.     If  zinc  was 

moves  matter  wo  may  speak  of  electric  force.  But  E.M.F.  is  quite  a  dif- 
ferent thing,  not  "  force  "  at  all,  for  it  acts  not  on  matter  but  on  electricity, 
and  tends  to  move  it. 
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iwed  for  lioth  metals  in  a,  cell  it  would  give  no  eurreiit, 
for  BBch  plate  would  be  trying  to  dissolve  and  to  tbrow  b, 
curreut  across  to  the  other  with  equal  tendency.  That 
cell  will  have  the  greatest  electromotive-force  or  be  the 
most  "  intense,"  in  which  those  materials  are  used  which 
have  the  greatest  difference  in  their  tendency  to  combine 
chemically  with  the  acid,  or  which  are  widest  apart  on 
the  "  contact-series  "  given  in  Art.  80.  Zinc  and  copper 
are  convenient  in  this  respect ;  and  zinc  and  silver  would 
ha  better  but  for  the  expense.  For  more  powerful  bat- 
teries a  zinc-platinum  or  a  ziuo-oarbon  oombination  is 
preferable.  That  plate  or  piece  of  nieta!  in  a,  cell  by 
which  the  current  enters  the  liquid  is  called  the  anoile ; 
it  ia  that  plat«  which  dissolves  away.  The  plate  or  piece 
of  metal  by  which  the  current  leaves  the  cell  is  called  the 
kathode ;  it  is  not  dissolved,  and  in  some  cases  receives 
a  deposit  on  its  surface. 

171.  KesifltancB.  —  The  same  electromotive  -  force 
does  not,  however,  always  produce  a  current  of  the  same 
ttrengih.  The  amount  of  curi'eiit  dependa  not  only  on 
the  force  tending  to  drive  the  electricity  round  the 
circuit,  but  also  on  the  resistance  which  it  has  to 
encounter  and  overcome  in  its  flow.  Ti  the  cells  be 
partly  choked  with  sand  or  sawduat  (as  is  sometimes 
done  ia  so-called  "  Sawdust  Batteries  "  to  prevent  spill- 
ing), or,  if  the  wire  provided  to  complete  the  circuit 
be  very  long  or  very  thm,  the  action  will  be  partly 
stopped,  and  the  current  will  be  weaker,  although  the 
K.M.i".  may  be  unchanged.  The  analogy  of  the  water- 
pipes  will  again  help  us.  The  preaaure  which  forcea  the 
water  through  pipes  depends  upon  tlie  difference  of  level 
between  the  cistern  from  which  the  water  flowa  and  the 
tap  to  which  it  flows;  but  the  amount  of  water  that 
runs  through  will  depend  not  on  the  pressure  alone,  bat 
on  the  i-eaistance  it  meets  with ;  for,  if  the  pipe  \»  a 
very  thin  one,  or  choked  with  sand  or  sawdust,  the  vrator 
will  only  run  slowly  through. 
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Now  the  metals  in  general  conduct  well :  their  resist- 
ance is  small ;  but  metal  wires  must  not  be  too  thin  or 
too  long,  or  they  will  resist  too  much,  and  permit  only  a 
feeble  current  to  pass  through  them.  The  liquids  in  the 
cell  do  not  conduct  nearly  so  well  as  the  metals,  and  dif- 
ferent liquids  have  different  resistances.  Pure  water  will 
hardly  conduct  at  all,  and  is  for  the  feeble  electricity  of 
the  voltaic  battery  almost  a  perfect  insulator,  though  for 
the  high-potential  electricity  of  the  frictional  machines  it 
is,  as  we  have  seen,  a  fair  conductor.  Salt  and  saltpetre 
dissolved  in  water  are  good  conductors,  and  so  are  dilute 
acids,  though  strong  sulphuric  acid  is  a  bad  conductor. 
The  resistance  of  the  liquid  in  the  cells  may  be  reduced, 
if  desired,  by  using  larger  plates  of  metal  and  putting 
them  nearer  together.  Gases  are  bad  conductors  ;  hence 
the  bubbles  of  hydrogen  gas  which  are  given  off  at  the 
copper  plate  during  the  action  of  the  cell,  and  which  stick 
to  the  surface  of  the  copper  plate,  increase  the  internal 
resistance  of  the  cell  by  diminishing  the  effective  surface 
of  the  plates. 

Lesson  XIV. —  Chemical  Actions  in  the  Cell 

172.  Chemical  Actions.  —  The  production  of  a  cur- 
rent of  electricity  by  a  voltaic  cell  is  always  accompanied 
by  chemical  actions  in  the  cell.  One  of  the  metals  at 
least  must  be  readily  oxidizable,  and  the  liquid  must  be 
one  capable  of  acting  on  the  metal.  As  a  matter  of 
fact,  it  is  found  that  zinc  and  the  other  metals  which 
stand  at  the  electropositive  end  of  the  contact-series  (see 
Art.  80)  are  oxidizable ;  whilst  the  electronegative  sub- 
stances—  copper,  silver,  gold,  platinum,  and  graphite  — 
are  less  oxidizable,  and  the  last  three  resist  the  action  of 
every  single  acid.  There  is  no  proof  that  their  electri- 
cal behaviour  is  due  to  then*  chemical  behaviour;  nor 
that  their  chemical  behaviour  is  due  to  their  electrical. 
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Probably  both  result  from  a,  common  cftuae  (see  Art  80, 
and  also  481)).  A  piece  of  quite  pitre  ziiic  wLen  djpped 
alone  into  dilute  sulphuric  acid  is  not  attacked  bj  tha 
liquid.  But  the  ordinary  commereial  Kinc  is  not  pure, 
and  wheu  plunged  into  dilute  sulpliiirio  acid  dissolves 
away,  a  lai^e  quantity  of  bubbles  of  hydrogen  gas  being 
given  off  from  the  surface  of  the  metal.  Sulphuric  acid 
is  a  complex  substance,  in  which  every  molecule  is  made 
up  of  a  group  of  atoms  —  3  of  Hydrogen,  1  of  Sulphur, 
and  4  of  Oxygen  ;  or,  in  symbols,  H^SO,.  The  chemical 
reaction  by  which  the  zinc  enters  into  combination  with 
the  radical  of  the  acid,  turning  out  the  hydrogen,  is 
expressed  in  the  following  equation;  — 


Zn 


11, 


The  sulphate  of  aino  produced  in  this  reaction  rt 
solution  in  the  liquid. 

Now,  when  a  plate  of  pure  Kinc  and  a  plate  of  some 
leaa-eaaily  oxidizable  metal  —  copper  or  platinum,  or,  best 
of  all,  carbon  (the  Lard  carbon  from  gas  retorts)  —  are 
put  side  by  side  into  the  cell  containing  acid,  no  appre- 
ciable chemical  action  takes  place  until  the  circuit  is  com- 
pleted by  joining  the  two  plates  with  a  wire,  or  by  making 
them  touch  one  another.  Directly  the  circuit  is  com- 
pleted a  cuiTetit  flows  and  the  chemical  actions  begin, 
the  zinc  dissolving  in  the  acid,  and  the  acid  giving  up  its 
hydrogen  in  streams  of  bubbles.  But  it  will  be  noticed 
that  these  bubbles  of  hydrogen  are  evolved  not  at  the 
zinc  plate,  nor  yet  throughout  the  liquid,  but  at  the  sur- 
face of  the  copper  plate  (or  the  carbon  plate  if  carbon  is 
employed).  This  apparent  transfer  of  the  hydrogen 
gaa  through  the  liquid  from  the  surface  of  the  zinc  plate 
to  the  surface  of  the  copper  plate  where  it  appears  is  very 
remarkable.  The  ingenious  theory  framed  by  Grotthuss 
to  account  for  it,  is  esplained  in  Lesson  XLVU.  on 
Eiectro-Chemistry . 
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These  chemical  actions  go  on  as  long  as  the  current 
passes.  The  quantity  of  zinc  used  up  in  each  cell  is  pro- 
portional to  the  amount  of  electricity  which  flows  round 
the  circuit  while  the  battery  is  at  work;  or,  in  other 
words,  is  proportional  to  the  current.  The  quantity  of 
hydrogen  gas  evolved  is  also  proportional  to  the  amount 
of  zinc  consumed,  and  also  to  the  current.  After  the 
acid  has  thus  dissolved  zinc  in  it,  it  will  no  longer  act 
as  a  corrosive  solvent ;  it  has  been  *'  killed,"  as  workmen 
say,  for  it  has  been  turned  into  sulphate  of  zinc.  The 
battery  will  cease  to  act,  therefore,  either  when  the  zinc 
has  all  dissolved  away,  or  when  the  acid  has  become 
exhausted,  that  is  to  say,  when  it  is  all  turned  into  sul- 
phate of  zinc.  Stout  zinc  plates  will  last  a  long  time, 
but  the  acids  require  to  be  renewed  frequently,  the  spent 
liquor  being  emptied  out. 

173.  Local  Action.  —  When  the  circuit  is  not  closed 
the  current  cannot  flow,  and  there  should  be  no  chemical 
action  so  long  as  the  battery  is  producing  no  current. 
The  impure  zinc  of  commerce,  however,  does  not  re- 
main quiescent  in  the  acid,  but  is  continually  dissolving 
and  giving  off  hydrogen  bubbles.  This  local  action, 
as  it  is  termed,  is  explained  in  the  following  manner  J  — 
The  impurities  in  the  zinc  consist  of  particles  of  iron, 
arsenic,  and  other  metals.  Suppose  a  particle  of  iron  to 
be  on  the  surface  anywhere  and  in  contact  with  the  acid. 
It  will  behave  like  the  copper  plate  of  a  battery  towards 
the  zinc  particles  in  its  neighbourhood,  for  a  local  differ- 
ence of  potential  will  be  set  up  at  the  point  where  there 
is  metallic  contact,  causing  a  local  or  parasitic  current  to 
run  from  the  particles  of  zinc  through  the  acid  to  the 
particle  of  iron,  and  so  there  will  be  a  continual  wasting 
of  the  zinc,  both  when  the  battery  circuit  is  closed  and 
when  it  is  open. 

174.  Amalgamation  of  Zinc.  —  We  see  now  why  a 
piece  of  ordinary  commerical  zinc  is  attacked  on  being 
placed  in  acid.     There  is  local  action  set  up  all  over  its 
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surfoca  in  consequence  of  the  metallic  impiiritiea  in  it. 
To  do  avcay  with  thia  local  action,  and  abolish  the 
wasting  of  the  zinc  while  tlie  battery  is  at  rest,  it  is 
nsnal  to  amalgamate  the  surface  of  the  zinc  jilates  with 
niercurj.  The  surface  tu  be  amalgamated  should  he 
cleaned  by  dipping  into  acid,  and  then  a  few  drops  of 
mercury  should  be  poured  over  the  surface  and  rubl>ed 
into  it  with  a  bit  of  linen  r^  tied  to  a  stick.  The 
mercury  unitea  with  the  zinc  ut  the  surface,  forming  a 
pasty  amaigaiu. .  The  iron  particles  do  not  dissolve  in 
the  mercury,  but  float  up  to  the  surface,  whence  tlie 
hydrogen  bubbles  which  may  form  speedily  carry  them 
ofi.  As  the  zinc  in  this  pasty  aiualgam  dissolves  into 
the  acid  the  film  of  mercury  imites  with  fresh  portions 
'  of  zinc,  aud  so  presents  always  a  clean  bright  surface  to 
the  liquid. 

A  newer  aud  better  prooeas  is  to  add  about  4  per  cent 
of  mercury  to  the  molten  zinc  before  casting  into  plates 
or  rods.  If  the  zinc  platos  of  a  battery  are  well  amal- 
gamated there  should  l>e  no  evolution  of  hydrogen  bub- 
bles when  the  circuit  is  open.  Neyertheless  there  is  still 
always  a  little  wasteful  local  action  during  the  action  of 
the  battery.  Jacobi  found  that  while  one  part  of  hydro- 
gen was  devolved  at  the  kathode,  'JS'6  parts  of  nine  were 
dissolved  at  the  anode,  instead  of  the  S2'5  ports  which 
are  the  chemical  equivalent  of  the  hydrogen. 

176.  Polariiation.  —  The  bubbles  of  hydrogen  gaa 
liberated  at  the  surface  of  the  copper  plate  stick  to  it  in 
great  numbers,  aud  form  a  film  over  its  surface;  hence 
the  eifectivB  amount  of  surface  of  the  copper  plate  is 
very  seriously  reduced  in  a  short  time.  Wheu  a  simple 
call,  or  tattcry  of  such  cells,  is  set  to  produce  a  current, 
it  18  found  that  the  current  after  a  few  minutes,  or  even 
seconds,  falls  off  very  greatly,  and  may  even  be  almost 
stopped.  Tills  immediate  faliiiig  oif  in  the  current, 
which  can  be  observed  with  any  galvanometer  and  a 
pail  of  zinc  and  copper  plates  dipping  into  acid,  is 


CHAP,  in  POLARIZATION  IN   CELLS  161 

almost  entirely  due  to  the  film  of  hydrogen  bubbles 
sticking  to  the  copper  pole.  A  battery  which  is  in  this 
condition  is  said  to  be  "  polarized." 

176.  Effects  of  Polarization.  —  The  film  of  hydrogen 
bubbles  affects  the  strength  of  the  current  of  the  cell  in 
two  ways. 

Firstly,  it  weakens  the  current  by  the  increased  resist- 
ance which  it  offers  to  the  flow,  for  bubbles  of  gas  are  bad 
conductors ;  and,  worse  than  this. 

Secondly,  it  weakens  the  current  by  setting  up  an 
opposing  electromotive-force;  for  hydrogen  is  almost  as 
oxidizable  a  substance  as  zinc,  especially  when  it  is  being 
deposited  (or  in  a  "  nascent "  state),  and  is  electropositive, 
standing  high  in  the  series  on  p.  85.  Hence  the  hydro- 
gen itself  produces  a  difference  of  potential,  which  would 
tend  to  start  a  current  in  the  opposite  direction  to  the 
true  zinc-to-copper  current.  No  cell  in  which  the  polari- 
zation causes  a  rapid  falling  off  in  power  can  be  used  for 
closed  circuit  work. 

It  is  therefore  a  very  important  matter  to  abolish  this 
polarization,  otherwise  the  currents  furnished  by  batteries 
would  not  be  constant. 

177.  Remedies  against  Internal  Polarization.  —  Vari- 
ous remedies  have  been  practised  to  reduce  or  prevent 
the  polarization  of  cells.  These  may  be  classed  as 
mechanical,  chemical,  and  electrochemical. 

1.  Mechanical  Means.  —  If  the  hydrogen  bubbles  be 
simply  brushed  away  from  the  surface  of  the  kathode, 
the  resistance  they  caused  will  be  diminished.  If  air 
be  blown  into  the  acid  solution  through  a  tube,  or  if 
the  liquid  be  agitated  or  kept  in  constant  circulation  by 
siphons,  the  resistance  is  also  diminished.  If  the  surface 
be  rough  or  covered  with  points,  the  bubbles  collect  more 
freely  at  the  points  and  are  quickly  carried  up  to  the 
surface,  and  so  got  rid  of.  This  remedy  was  applied  in 
Smee's  Cell,  which  consisted  of  a  zinc  and  a  platinized 
silver  plate  dipping  into  dilute  sulphuric  acid ;  the  silver 
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plate,  having  its  Burfiice  thiiK  covered  with  a,  rougli  coalr 
iiig  of  finely  divided  platinum,  gave  up  the  hydrogan 
bubbles  freely;  iiBvei'thelesa,  in  a  battery  of  Smee  Celia 
the  current  diminishes  greatly  after  a  few  minutes. 

2.  Chemical  Means.  —  If  a  highly-oxidizing  Bubstance 
be  added  to  the  acid  it  will  destroy  the  hydrogen  bubbles 
whilfit  they  iire  stitl  in  the  nascent  stabs,  and  thua  will 
prevent  both  the  increased  internal  resistance  and  tiie 
opposing  electromotive-force.  Such  substances  are  bi- 
chromate of  potash,  nitric  acid,  and  chlorine. 

3.  Eleclrocheinical  Mentis.  —  It  is  possible  by  employ- 
ing double  cells,  as  explained  in  the  nest  lesson,  to  so 
arrange  matters  that  some  solid  metal,  such  as  copper, 
shall  be  liberated  instead  of  hydrogen  bubbles,  at  the 
point  where  the  current  leaves  the  liquid.  This  eleotro- 
oheiuical  exchange  entirely  obviates  polarization. 

178.  Simple  Laws  of  Chemical  Action  in  the  Cell.  — 
We  wiU  conclude  this  section  by  enumerating  the  two 
simple  laws  of  chemical  action  in  the  cell. 

I.  The  ainuunt  of  chemical  aclion  in  the  cell  is  propor- 
tional (o  thf  iiaanlity  of  eleclricily  thai  pauses  through  it  — 
that  is  to  say,  is  proportional  to  the  current  while  it 
passes- 

A  current  of  one  ampere  flowing  through  the  cell  for 
one  second  causes  0'0()()^;]^!)8  (or  ^j^t)  °^  ^  gramme  of 
zinc  to  dissolve  in  the  tbcid,  and  liberates  0-0(>00]0384 
for  gj^gi)  ^^  **  gramme  of  hydrogen. 

ir.  The  amount  of  ehernieal  action  is  equal  in  each  cell 
of  a  battery  consisting  of  cells  joined  in  series. 

The  first  of  these  laws  was  thought  by  Faraday,  who 
discovered  it,  to  disprove  Volta's  contact  theory.  He 
foresaw  that  the  principle  of  the  conservation  of  energy 
would  preclude  a  mere  contact  force  from  furnishing  a 
continuous  supply  of  current,  and  hence  ascribed  the 
cui-rent  to  the  chemical  actions  which  were  proportional 
ill  quantity  to  it.  How  the  views  of  Volta  and  Faraday 
are  to  be  harmonized  haa  been  indicated   in  the  loat 
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paragraph  of  Art.  80.  These  laws  only  relate  to  the 
useful  chemical  action,  and  do  not  include  the  waste  of 
"local"  actions  (Art.  166)  due  to  parasitic  currents  set 
up  by  impurities. 

Lesson  XV.  —  Voltaic  Cells 

179.   A  good  Voltaic  Cell  should  fulfil  all  or  most  of 
the  following  conditions :  — 

1.  Its  electromotive-force  should  be  high  and  con- 

stant. 

2.  Its  internal  resistance  should  be  small. 

3.  It  should  give  a  constant  current,  and  therefore 

must  be  free  from  polarization,  and  not  liable 
to  rapid  exhaustion,  requiring  frequent  renewal 
of  the  acid. 

4.  It  should  be  perfectly  quiescent  when  the  circuit 

is  open. 
6.   It  should  be  cheap  and  of  durable  materials. 
6.   It  should  be  manageable,  and  if  possible,  should 

not  emit  corrosive  fumes. 
No  single  cell  fulfils  all  these  conditions,  however, 
and  some  cells  are  better  for  one  purpose  and  some  for 
another.  Thus,  for  telegraphing  through  a  long  line  of 
wire  a  considerable  internal  resistance  in  the  battery  is 
no  great  disadvantage ;  while,  for  producing  an  electric 
light,  much  internal  resistance  is  absolutely  fatal.  The 
electromotive-force  of  a  battery  depends  on  the  materials 
of  the  cell,  and  on  the  number  of  cells  linked  together, 
and  a  high  E.M.F.  can  therefore  be  gained  by  choosing 
the  right  substances  and  by  taking  a  large  number  of 
cells.  The  resistance  within  the  cell  can  be  diminished 
by  increasing  the  size  of  the  plates,  by  bringing  them 
near  together,  so  that  the  thickness  of  the  liquid  between 
them  may  be  as  small  as  possible,  and  by  choosing  liquids 
that  are  good  conductors. 
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180.  Claasification  of  Cells. — Of  the  inniimerablB 
fonaa  of  cells  that  luive  Iieen  invented,  onlj  those  of  first 
iiiipurtunoe  caii  be  described,  (Jells  are  aometiines  classi- 
fied into  two  groups,  according  as  they  contain  one  or 
two  Huids,  or  electrolytes,  but  a  better  classification  is 
that  adopted  in  Art.  177,  depending  on  the  meaus  of  pre- 
venting polarization. 


Class  I. —  With  Mechanical  I)ki 
(Single  Fluid.) 

The  simple  cell  of  Volto,  with  its  zinc  and  copper 
plates,  baa  been  already  described.  The  larger  the  cop- 
per plate,  the  longer  time  does  it  take  to  polarize.  Cruick- 
shank  suggested  to  place  the  plates  vertically  in  a  trough, 
producing  a  mora  powerful  combination.  l>r.  WoUaston 
proposed  to  use  a  plate  of  copper  of  double  size,  bent 
round  so  as  to  approach  the  zinc  on  both  sides,  thus 
diminishing  the  resistance,  and  aUowing  the  hydrogen 
more  surface  to  deposit  upon.  Smee,  as  we  have  seen, 
replaced  the  copper  plate  by  platinized  silver,  and  Walker 
suggested  the  use  of  plates  of  hard  carbon  instead  of  cop- 
per or  silver,  thereby  saving  cost,  and  at  the  same  time 
increasing  the  electromotive-force.  The  roughnssB  of  the 
surface  facilitates  the  escape  of  hydrogen  bubbles.  By 
stating  such  cells,  or  raising  their  kathode  plates  for  a 
few  moments  into  the  air,  theii'  power  is  partially  restored. 
The  Law  cell,  used  in  the  United  States  for  open.ctrcuit 
work,  is  of  this  class :  it  has  a  small  rod  of  zinc  and  a 
cleft  cylinder  of  carbou  of  large  surface  imuiersed  in 
solution  of  aalammoniac. 


Class  II.  —  With  Chemical  Depol: 
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powerful  chemical  agent  as  a  depolarvier.  Amongst  de- 
polarizers the  following  are  chiefly  used;  —  Nitric  acid, 
BoluttonH  of  chromic  acid,  of  bichromate  of  potaxh,  of 
bichromate  of  soda,  of  nitrate  of  potash,  or  of  ferric 
chloride;  chlorine,  bromine,  black  oxide  of  manganeae, 
sulphar,  peivKide  of  lead,  red  lead,  oxide  of  copper- 
Most  of  these  materials  would,  however,  attack  the 
copper  OS  well  as  the  zinc  if  used  iu  a  ziiic-copper  cell. 
Hence  they  cati  only 
be  made  use  of  in  xiuc- 
carbou  or  zinc-plati- 
num cells.  Nitric  acid 
also  attacks  zinc  when 
the  circuit  is  open. 
Hence  it  cannot  he  em- 
ployed in  the  sacie  sin- 
1  gla  oell  with  the  zinc 
I  plate.  In  the  Btchro- 
eCell,  invented  l>y 
I  Ft^gendorff,  liii^Ino- 
te  of  potash  i»a'l<l<'<l 
I  to  the  sulphuric  miiI. 

I  Thia  eel!  is  must  mu-  ^ig=>.^V<^ 

[  reuiently  made  nj)  ii.s 
I  shown  in  Fig.  I(W),  in 
*  whiohaplateof  Kincia  y\g  iw 

L  tbe  anode,  and  a  pair 

l^et  carbon  plates,  one  on  each  side  of  the  zinc,  joined 
■  together  at  the  top  serve  as  a  kathode.  As  this  solution 
I'wonld  attack  the  zinc  even  when  the  circuit  is  open,  the 
r  sine  plate  m  fiied  to  a  rod  by  which  it  can  he  drawn  up 
I  out  td  the  solution  when  the  cell  is  not  being  worked. 

To  obviate  the  necessity  of  this  operation  the  device 
J  »  adopted  of  separating  the  depolarizer  from  the  liquid 
[  into  which  the  ziuc  dips.  In  the  case  of  liquid  depolor 
I  tieers  this  is  done  by  the  use  of  ait  internal  porous  celt  or 
I  partition.     Porous  cells  of  earthenware  or  of  parchment 


ELF.CTKICITY   AND   MAGNETISM 


paper  allow  the  electric  current  to  flow  while  keepiug  the 
liquids  apart.  In  oub  compartment  is  the  zinc  anode 
dipping  into  ita  aliment  of  djJute  acid:  in  the  other  com- 
partmeat  the  carbon  (or  platinum)  kathode  dipping  into 
the  depolarizer.  Such  celk  are  termed  Iwa-Jiuid  crlla. 
In  the  case  of  solid  depolarizers  such  as  black  oxide  of 
manganese,  oxide  of  copper,  etc.,  the  material  merely 
needs  to  be  held  up  to  the  kathode.  All  solid  depola- 
rizers are  Klorv  in  acting. 


Class  III.  —  With    Ele 


.   Depolarika- 


When  any  soluble  metal  is  immersed  in  a  solution  of 
its  own  salt — for  example,  /inc  dipped  into  sulphata  of 
Kintj,  or  copper  into  snlphata  of  copper^ there  is  a  defi- 
nite etectromotife-force  between  it  and  its  solution,  the 
meaaiiro  of  its  tendency  to  dissolve.  If  a  current  is  sent 
from  metal  to  solution  some  of  the  metal  dissolves;  if, 
however,  the  current  is  sent  fi'om  solution  to  metal  some 
more  metal  will  be  deposited  (or  "plated")  out  of  the 
solution.  But  as  long  as  the  chemical  nature  of  the 
surface  and  of  the  liquid  b  unchanged  there  will  be  no 
change  in  the  electromotive-force  at  the  surface.  It 
follows  that  if  a  cell  were  made  with  two  metals,  each 
dipping  into  a  sulntion  of  its  own  salt,  the  two  solutions 
being  kept  apart  by  a  porous  partition,  such  a  cell  would 
never  change  its  eleetroraotive-foi'ce.  The  anode  would 
not  polari/e  where  it  dissolves  into  the  excitant;  the 
kathode  would  not  polarize,  since  it  receives  merely  an 
additional  thickness  of  the  same  sort  us  itself.  This 
electrochemical  method  of  avoiding  polari:^atioa  was  dis- 
covered by  DanieU.  It  is  the  principle  not  only  of  the 
Daniell  ceil,  but  of  the  Clark  cell  and  of  others.  For  per- 
fect constancy  the  two  salts  used  should  be  salts  of  the 
same  acid,  both  sulphates,  or  both  chlorides,  for  example. 

181.  Danisll'a    Cell. — Each    cell    or  "element"  of 
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Daiiiell's  batteiy  has  an  iiiiier  poious  cell  or  partition  to 
keep  the  aeparate  liquids  from  mixing.  The  outer  cell 
(Fig.  101)  ia  usually  of  copper,  and  serves  also  aa  a 
copper  kathode.  Witliin  it  is  placed  a  cylindrical  cell  of 
unglazad  porous  ware  (a  cell  of  parchment,  or  even  of 
brown  paper,  will  answer),  and  in  this  is  a  rod  of  amalga- 
mated zinc  as  anode.  The  liquid 
in  the  inuer  cell  is  dilute  siilphutic 
acid  or  dilute  sulphate  of  zinc ; 
thatiu  the  outer  cell  is  a  saturated 
solution  of  sulphate  of  copiter 
("  blue  vitriol "),  some  spare 
crystals  of  the  same  suhstance 
being  contained  in  a  perforated 
shelf  at  the  top  of  the  cell,  in 
order  that  they  may  dissolve  and 
replace  that  which  is  used  up 
while  the  battery  is  in  action. 

When  the  circuit  is  closed  tho  z 
dilute  acid,  forming  sulphate  of  zinc,  and  liberating 
hydrogen ;  but  this  gas  does  not  appear  iu  bubbles  on 
the  surface  of  the  copper  cell,  for,  since  the  inuer  cell  is 
porous,  the  molecular  actions  (by  which  the  freed  atoms 
of  hydrogen  are,  as  explained  by  Fig.  208,  handed  on 
through  the  acid)  traverse  the  pores  of  the  inner  cell,  and 
there,  in  the  solution  of  sulphate  of  copper,  the  hydrogen 
atoms  are  exchanged  for  copper  ateiiis,  the  result  being 
that  pure  copper,  and  not  hydrogen  gas,  is  deposited  on 
the  outer  copper  plate.  Chemically  these  actions  may  be 
represented  as  taking  place  in  two  stages. 

Zu       +      H^SO,  =  ZuSO^      +       ri, 

ZlDD    diid  SuliiLurlc  Airld    pnHluGO    Sulpbutu  uf  Zinc  pnil   llydrogcD, 


1 
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'i'iie  hydrogen  is,  us  it  were,  tranalated  electro- 
chemicttUy  into  copper  during  the  round  of  changes, 
and  80  while  Uie  zinc  dissolves  uway  the  oopjier  grows, 
the  dilute  sulphuric  acid  gradually  changiug  into  sul- 
phate of  zinc,  and  the  sulphate  of  cop[>er  into  sulphuric 
acid.  In  the  case  in  which  u  aotutioil  of  sulphate  of  zinc 
is  used  there  it)  no  need  to  consider  any  hydrogen  atoms, 
copper  beiug  exchanged  chemically  for  zinc.  There  is 
therefore  no  polarization  so  long  as  the  copper  solution  is 
saturated ;  and  the  cell  is  very  constant,  though  not  so 
constant  in  all  cases  as  Clark's  standard  cell  described  in 
Art.  188,  owing  to  slight  variations  in  the  electromoti-ve- 
force  as  the  composition  of  tlie  other  fluid  varies.  When 
sulphuric  acid  diluted  with  twelve  parts  of  water  is  used 
the  E.M.F.  is  M78  volts.  The  E.M.F.  is  1-07  volts  when 
concentrated  zinc  sidphate  is  used ;  1-1  volts  when  a  half- 
concentrated  solul.iiiu  of  zinc  sulphate  is  used ;  and,  in 
the  common  uells  made  up  with  waUr  or  dilute  acid, 
I'l  volts  or  less.  Owing  to  its  constancy,  this  battery, 
made  up  in  a.  conveuieut  flat  form  (i''ig.  100},  has  been 
much  used  in  telegraphy.  It  is  indispensable  in  those 
"closed  circuit"  methods  of  telegraphy  (Art.  fiOO),  where 
the  current  is  kept  always  flowing  uutil  interrupted  by 
signalling. 

182.  Grove's  Cell.— Sir  William  Grove  devised  a 
form  of  cell  having  both  higher  voltage  and  smaller 
iuterual  resistance  than  Uanii^ll's  cell.  In  Grove's  ele- 
ineut  there  is  an  outer  cell  of  glazed  ware  or  of  ebonite, 
containing  the  anmlgatnated  zinc  plate  and  dilute  sul- 
phuric acid.  In  the  inner  porous  cell  a  piece  of  platinum 
foil  serves  as  the  negative  pole,  and  it  dips  into  tlie 
strongest  nitric  acid.  There  is  no  i>o]ariKulion  in  this 
cell,  for  the  hydrogen  liberated  by  the  solution  of  the 
zinc  in  dilute  sutphui'ic  acid,  in  passing  through  the 
nitric  acid  in  order  to  appear  at  the  jdatinum  pole,  de- 
compu^jes  the  nitric  acid  and  is  itself  usidized,  producing 
water  aud  the  red  fumes  of  nitric  peroxide  gaa.    This 
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,  does  not,  however,  produce  polai'iiiatioii,  for  as  it  m 
very  soluble  in  nitric  acid,  it  doea  not  foini  a,  film  upon 
the  face  of  the  platinum  plate,  tior  doea  it,  like  hydrogen, 
set  up  an  opposing  electroiuative-force  with  Uie  zinc. 
The  Grove  cells  may  be  made  of  a,  flat  shape,  the  sine 
being  bent  up  so  as  to  enibra<;e  the  flat  porous  cell  on 
both  sides.  Tliis  reducea  the  internal  resistance,  which 
IB  already  small  on  account  of  the  good  conducting 
powers  of  nitric  acid.  Hence  the  (irove  celt  will  fumiah 
for  three  or  four  hours  continuously  a  strong  current. 
The  E.M.F.  of  one  cell  is  about  1'9  volts,  and  its  internal 
resistance  is  very  low  (about  O'l  ohm  for  tlie  quart  size). 
A  single  cell  wiU  readily  raise  to  a  br^ht  red  heat  two 
or  three  inches  of  thiu  platinum  wire,  or  drive  a  small 
I  electromagnetic  engine.  For  producing  larger  power  a 
number  of  cells  must  be  joined  up  in  series,  the  plat- 
inum of  one  cell  being  clamped  to  the  zinc  of  the  next 
to  it.  Fifty  such  cells,  each  holding  about  n  quart  of 
liquid,  amply  suffice  to  produce  an  electric  arc  light,  as 
will  he  explained  in  Lesson  XXXIX. 

183.  Bunsen's  Cell.  ^  The  chII  which  bears  Bunsen's 
name  is  a  modificiition  of  that  of  Grove,  and  was  indeed 
originally  suggested  by  him.  In  the  Buuaen  cell  the 
expensive  •  p!atii\um  foil  ia  replaced  by  a  rod  or  slab  of 
hard  gas  carbon.  A  cylindrical  form  of  cell,  with  a  rod 
of  carbon,  is  shown  in  Fig.  102.  The  voltage  for  a  zinc- 
cavbon  combination  is  a  little  higher  than  for  a  zinc- 
platinum  one,  which  is  an  advantage ;  but  the  Bunseu 
cell  ia  troublesome  to  keep  in  order,  and  there  is  some 
difficulty  in  Jnaking  a  good  contact  between  the  rough 
Hurface  of  the  carbon  and  the  copper  strap  which  connects 
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tliK  earboLi  of  one  cell  to  the  aitic  of  the  nest.  The  top 
part  of  the  carbon  is  sometimea 
impre^iiated  with  paraffin  wax  to 
keep  the  acid  from  creeping  up, 
and  electrotype d  with  copper. 
Fig.  103  shows  the  uaual  way  of 
coupling  up  a  Berias  of  five  such 
cells.  The  Biiiiseii's  hattery  will 
continue  lo  furnish  a  current  for 
a  longer  time  than  tlie  flat  Grove's 
cells,  on  account  of  the  larger 
quantity  of  acid  contained  by  the 

^"_  -  -  cyliuiirical  pots." 

'       "„     ^    ~~  Chromic  solutions,  formed  by 

adding  stroiig  sulphuric  acid  to 

solution.^  of  bicliromate  of  potash  or  of  wida,  are  often 

used  instead  of  nitric  acid,  in  cells  of  this  foiiu.     Soluble 


depolarizers  in  the  form  of  chromic  powder 
by  heating  strong  sulphuric  acid  and  gradually  stirring 
into  it  powdered  hiehromate  of  aoda.  The  pasty  mass  is 
then  cooled  and  powdered. 

*  CiUan  coniilrupteil  ct  large  battery  io 
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184.  Leclanche'a  Cell.  —  For  working  electric  bella 
and  tulephoaei),  and  also  to  a  limited  extent  in  teleg- 
raphy, a  zinc-carbon  cell  is  etnplojed,  invented  by  Le- 
claDoh^  in  which  the  escitiiig  liquid  is  not  dilute  acid,  but 
a  aolation  of  sataRtmoiiinc.  In  this  the  ;iinc  dissolves, 
forming  a  double  chloride  of  zinc  and  ammonia,  while 
aminonia  gas  and  hydrogen  are  liberated  at  the  carbon 
pole.  The  depolarizer  ia  the  black  biuoxide  of  maoga- 
neae,  fragments  of  whicli,  mixed  with  powdered  carbon, 
are  held  up  to  the  carbon  kathode  either  by  packing  them 
together  inside  a  porous  pot  or  by  being  attached  as  an 
agglomerated  blnck.     The  oxide  of  manganese  will  slowly 


yield  up  oxygen  as  required  If  used  to  give  a  continuous 
ourreut  for  mauv  iiuuute'i  together,  the  power  of  this  cell 
falls  off  owing  to  the  acciuuulutiou  of  the  hydrogen  bub- 
ble ;  but  if  left  to  itself  for  a  time  the  cell  recovers  itself, 
the  binoxide  gradually  deatroyiug  the  polarization.  As 
the  cell  is  in  other  respects  perfectly  constant,  and  does 
notrequiiereuewingformouthsor  years,  it  is  well  adapted 
for  domestic  pmposes.  It  has  the  advautage  of  not  con- 
taining corrosive  acids.  Millions  of  these  cells  are  in  use 
on  "open-circuit"  service  —  that  is  to  say,  for  those  cases 
in  which  the  currant  is  only  required  for  a  few  momenta 
at  a  time,  and  the  circnit  uauaUy  left  open.  Three 
3  are  ahowu  joined  in  series,  iu  Fig.  104. 
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Walker  used  sulphur  in  place  of  oxide  of  maDgaiiese. 
Niaiidet  employed  bleaehiiig  powder  (so  oalled  chloride 
of  lime)  as  depolariiter,  it  being  rich  iu  chlorine  and  oxy- 
gen. Coniinou  salt  may  be  used  instead  of  aalammoniac. 
Modifieatious  of  the  Leclauchd  cell  in  which  the 
excitant  cannot  be  spilled  are  iiaed  for  portability.  Tbe 
apace  inside  the  cell  is  filled  up  with  a  spongy  or  gelati- 
nous mass,  or  even  with  plaster  of  Paris,  in  the  pores  of 
whicli  the  salamuioiiiuc  solution  remaius.  They  are 
known  its  tti-g  cells. 

185.  Lalande's  Cell.  — Tills  cell  belongs  to  Class  U., 
having  as  depolarizer  oxide  of  cop^ter  luechanieollj  at- 
tached to  a  kathode  of  copper  or  iron.  The  anode  is 
zinc,  and  the  exciting  liquid  is  a  30  per  cent  solution  of 
caustic  potash  into  whiuli  the  ainc  dissolves  (forming 
zincate  of  potash),  whilst  metallic  copper  is  reduced  in  a 
gmiiuliir  Htate  at  the  kathode.  It  \\;m  only  0-8  to  O'fl 
volts  of  E.M.F.,  but  is  capable  of  yielding  a  large  and 
constant  current. 

186.  De  la  Bue'B  Battery.  —  De  la  Rue  constructed 
a  constant  cell  belonging  to  Olasa  111.,  iu  which  Kiiic  and 
silver  are  the  two  Tuetals,  the  zinc  being  immersed  in 
chloride  of  zinc,  and  the  silver  embedded  in  a  stick  of 
fused  chloride  of  silver.  As  the  zinc  dissolves  away, 
metallic  silver  is  deposited  upon  the  kathode,  just  as  the 
copper  is  in  the  Daniell's  cell.  De  la  Rue  constructed 
an  enormous  battery  of  over  11,0(10  little  cells.  The 
diBereiice  of  potential  betweeu  the  first  zinc  and  last 
silver  of  this  buttery  was  over  1 1.000  volts,  yet 
even  so  no  spark  wonld  Jump  from  the  +  to  the  — 
pole  mitil  they  wei'e  brought  to  within  lesH  than  a 
quarter  of  .in  inch  of  one  anotiier.  With  B040  cells 
the  length  of  spark  was  onlv  0-08  of  an  incli,  or 
0-2  cm, 

187.  Gravity  Cells.  —  Instead  of  employing  a  porous 
cell  to  keeji  the  two  lit|uidi4  separate,  it  is  possible,  where 
one  of  the  liquids  is  heavier  than  the  other,  to  ari-ange 
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that  the  heavier  liquid  sliitil  forii)  a  stratum  at  the 
bottom  of  the  cell,  tlie  ligliter  HoiitiLig  iijiou  it.  Such 
turangements  are  called  jiy!ci(// ceWs;  but  the  separation 
ia  never  perfect,  the  heavy  liiiuid  slowly  diffusing  up- 
wards. Daniell's  cells  arranged  as  gravity  ceUs  have 
been,  contrived  by  MeiJmger,  Minotto,  Callaud,  and  Lord 
Kelvin.  In  Siemens'  modification  paper-pulp  is  used 
to  separate  the  two  liquids.  The  "  Sawdust  Battery  " 
of  Kelvin  is  a  Daniell's  battery,  having  the  cells  filled 
with  sawdust,  to  prevent  spilling  and  make  them 
portable. 

188.  Clark'a  SUndard  CeU.  — A  standard  cell  whose 
E.M.F.  is  even  more  constant  than  that  of  the  Daniell 
was  suggested  by  Latimer 
Clark.  This  cell,  whicii  is 
now  adopted  as  the  inter- 
national standard  cell,  con- 
sisU  of  an  anode  of  pure 
KiDC  in  a  concentrated  solu- 
tion of  zinc-sulphate,  whilst 
the  kathode  is  of  pure  mer- 
cury in  contact  with  a  paste 
of  mercurous  sulphate.  Pre- 
cise inatrnctions  for  setting 
up  Clai-k  cells  ai-e  given 
in  Appendix  H  at  the  end 
of    this    book.     i'ig.    105  fib-.  nis. 

shows,  in    aeliuii    she,    the 

form  of  the  Clark  cell.  Its  E.M.F.  is  lAU  volts  at 
15°  C. 

Weston  uses  a  cadmium  anode  immersed  in  sulphala 
of  cadmium  and  finds  the  cell  so  modified  to  give  1-025 
volts  at  all  ordinary  temperatures. 

Von  Helmholtz  has  used  mercurous  chloride  (calomel) 
and  chloride  of  zinc,  in  place  of  sulphates,  in  a  standard 
cell.  Carhart  finds  its  E.M.F.  (a  little  over  1  volt)  to 
vary  with  the  dilution  of  the  chloride  of  zinc. 
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189.  Statistics  of  Cells.  —  The  following  ta])le  gives 
the  electromotive-forces  of  the  various  batteries  enu- 
merated :  — 


A  pproxi- 

Name. 

Anode. 

Excitant. 

Depolarizer. 

Kathode. 

mate 
Volts. 

Class  I. 

(Solution  of) 

Volta  (Wollaston, 

Zinc 

HjSO^ 

none 

Copper 

1  0  to  0-5 

etc.)    . 

Smee 

Zinc 

II,SO, 

none 

Platinized 
Silver 

1  -0  to  0-5 

Law 

Zinc 

n,so4 

none 

Carbon 

I -0  to  0-5 

Class  11. 

PoggendorflF  (Gre- 

Zinc 

II^SO, 

KjC'raO, 

Carbon 

21 

net,  Fuller,  etc.). 

Grove     . 

Zinc 

HjSO^ 

HNOg 

Platinum 

1-9 

Bunsen  . 

Zinc 

II,S(\ 
NILCi 
Klfo 

HNOs 

Carbon 

1-9 

Leclanch^ 

Zinc 

MnOj 

Carbon 

1-4 

Lalande . 

Zinc 

CuO 

C-arbon 

0-8 

Upward . 

Zinc 

ZnCl, 

VA 

Carbon 

2-0 

Fitch      . 

Zinc 

NH4CI 

KClOg+Na 

ClOs 

Carbon 

11 

Papst 

Iron 

Fo.Cl„ 
NlV'i 

Fe,Cle 

Carbon 

0-4 

Obach  (dry)  . 

Zinc 

MnOj 

Carbon 

1-46 

in  CaS()4 

Class  III. 

DanieU(Meidinper, 

Zinc 

ZnS()4 

CUSO4 

Copper 

1'07 

Mlnotto,  etc.)    . 

De  la  Kne 

Zinc 

ZnClj 

A^'('l 

Silver 

1-42 

Mari^  Davy   . 

Zinc 

ZnSC)4 

lU'zSO, 

Carbon 

1-4 

Clark  (Standard)   . 

Zinc 

ZnS()4 

lljf2^()4 

Mcrciiry 

1-434 

Weston  . 

Cadmium 

CdS(>4 

llgjSO^ 

Merciiry 

1025 

Von  Helmholtz 

Zinc 

ZnCla 

HP2<'l2 

Mercury 

1-0 

Class  IV. 

Accumulators. 

(Plant6,  Faure,etc.) 

Lead 

IlaSO^ 

PbOa 

Lead 

21  to  1-85 

190.  Strength  of  Current.  —  The  student  must  not 
mistake  the  figures  given  in  the  above  table  for  the 
strength  of  current  which  the  various  batteries  will 
yield ;  the  current  depends,  as  was  said  in  Lesson  XTII., 
on  the  internal  resistance  of  the  cells  and  on  that  of  their 
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circuit,  as  well  as  on  their  E.M.F.  The  E.M.F.  of  a  cell 
is  independent  of  its  size,  and  is  determined  solely  by  the 
materials  chosen  and  their  condition.  The  resistance 
depends  on  the  size  of  the  cell,  the  conducting  qualities 
of  the  liquid,  the  thickness  of  the  liquid  which  the  cur- 
rent must  traverse,  etc. 

The  definition  of  the  strength  of  a  current  is  as  fol- 
lows :  The  strength  of  a  current  is  the  quantity  of  electricity 
which  flows  past  any  point  of  the  circuit  in  one  second.* 
Suppose  that  at  the  end  of  10  seconds  25  coulombs  of 
electricity  to  have  passed  through  a  circuit,  then  the 
average  current  during  that  time  has  been  2|  coulombs 
per  second,  or  2|  amperes.  The  usual  strength  of  currents 
used  in  telegraphing  over  main  lines  is  only  from  five  to 
ten  thousandths  of  an  ampere. 

li  in  t  seconds  a  quantity  of  electricity  Q  has  flowed 
through  the  circuit,  then  the  current  C  during  that  time 
is  represented  by  the  equation 

This  should  be  compared  with  Art.  162. 

The  laws  which  determine  the  strength  or  quantity  of 
a  current  in  a  circuit  were  first  enunciated  by  Dr.  G.  S. 
Ohm,  who  stated  them  in  the  following  law  :  — 

191.  Ohm's  Law.  —  The  current  varies  directly  as  the 
electromotive-force,  and  inversely  as  the  resistance  of  the 
circuit;  or,  in   other  words,  anything  that   makes  the 

*  The  terms  "streng'th  of  current,"  "intensity  of  current,"  are  old- 
fashioned,  and  mean  no  more  than  "current"  means  —  that  is  to  say,  the 
number  of  amperes  that  are  flowing.  The  terms  "  strong,"  "great,"  and 
"  intense,"  as  applied  to  currents,  mean  precisely  the  same  thing.  Formerly, 
before  Ohm's  Law  was  properly  understood,  electricians  used  to  talk  about 
"quantity  currents"  and  "  intensity  currents,"  meaning  by  the  former 
terra  a  current  flowing  through  a  circuit  in  which  there  is  very  small 
resistance  inside  the  battery  or  out;  and  by  the  latter  expression  they 
designated  a  current  due  to  a  high  electromotive-force.  The  terms  were 
oonyenient,  but  should  be  avoided  as  misleading. 
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E.M.F.  (if  tliR  cell  greater  will  increase  the  currant,  while 
.anything'  tliat  increases  the  resiatanco  (either  the  internal 
resistaiii:e  in  the  cells  themselves  or  the  resistance  of  the 
external  wires  of  the  circuit)  will  diminish  the  current. 
In  Bymbola  this  becomes 


where  E  is  the  number  of  aolls,  R  the  number  of  ohms 
at  the  circuit,  and  C  the  number  of  amperes  of  current 


MbyaiiE.M.F.nr^DO»«. 


(See  further  concerning  Ohm's  haw  in  Lesson  XXXHT,) 
Ohm's  Law  says  uothing  about  the  energy  or  power  con- 
veyed by  a  euri'ent.  The  pnmer  of  a  ciirrent  in  propor- 
tional both  to  the  current  and  to  the  electromotive-force 
which  drives  it  (see  Art.  4:15). 

192.  Kesistonce  and  Grouping  of  Cells.  — The  inter- 
nal resistances  of  the  cells  we  have  named  differ  very 
gi'eatly,  and  differ  with  their  size.  Roughly  speaking, 
we  may  say  that  the  resistanee  in  a  Daniell's  cell  ia 
ftbout  five  times  that  in  a  Grove's  cell  of  equal  size. 
The  Grove's  cell  has  indeed  both  a  higher  E.M.F.  and 
leaa  interna!  resistance.  It  would  in  fact  send  a  current 
about  eight  times  as  strong  as  the  Dauiell's  cell  of  equal 
size  through  a  short  stout  wire. 

We  may  then  increase  the  strengtii  of  a  battery  in 
two  ways ;  ^ 

(1)  By  increasing  its  E.M.F. 

(2)  By  diminiahing  its  internal  resistance. 

The  electromotive-force  of  a  cell  being  determined  by 
the  materials  of  which  it  is  made,  the  only  way  to  in- 
crease the  total  E.M.F.  of  a  battery  of  given  materials 
e  the  number  of  cells  joined  ■'  in  series."    It 
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is  freqnent  in  the  tele^aph  service  to  liiik  thna  together 
or  three  hundred  of  the  flat  Dauiell'a  cells;  and  they 
are  usually  made  up  in  trough-like  boxes,  containing  a 
series  of  10  cells,  as  shown  in  Fig.  108. 

To  diminish  the  internal  resistance  of  a  cell  the  follow- 
ing expedients  iiiay  be  resorted  to  ;  — 

(1)  The  plates  may  he  brought  nearer  together,  so 
that  the  current:  shall  not  have  to  traverse  so  thick  a 
stratuni  of  liquid. 

(2)  The  size  of  the  plntes  may  be  increased,  as  this 


affords  the  current,  ;ta  it  wevn,  ;i  griMlwr  lumiher  of  pos- 
,    Bible  patha  through  the  stratum  of  liquid. 

(3)  The  zincs  of  several  cella  may  be  joined  together, 
!  to  fonu,  as  it  were,  one  large  zinc  plate,  the  coppers  being 
o  joined  to  form  one  large  copper  plate.  Suppose  four 
I  Bimilar  oelia  thna  joined  "  in  parallel,"  the  current  haa  four 
L  times  the  available  number  of  paths  by  which  it  can 
erse  the  liquid  from  zinc  to  coi>per;  hence  the  in- 
\  temal  resistance  of  the  whole  will  he  only  J  of  that  of 
J  ft  single  cell.  But  tiie  E.M.F.  of  them  will  be  no  greater 
I  thus  than  that  of  one  cell. 

:t  is  most  important  for  the  student  to  remember  that 
[  the  current  is  also  affected  by  the  resistances  of  the  wires 
Lof  the  exHrruJ  circuit;  and  if  the  external  resistance  ba 
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already  great,  as  in  telegruphiiig  througii  a  long  lioe,  it 
ia  little  uae  to  diminish  the  internal  resistance  if  this  is 
already  much  Hinaller  than  the  resistance  of  the  line  wire. 
It  is,  on  the  contrary,  advantageous  to  increase  the  num- 
ber of  cells  in  series,  though  every  cell  adds  a  little  to  tlie 
total  resistance. 

Example.  —  It  the  line  has  a  resf  stance  of  lOOOnhmn.  and  five 
cells  are  nsod  eaoh  ot  which  haa  an  E.M.F.  o[  I'l  volt 
and  an  ialernal  regigtanne  of  3  ohtiui.  By  Ohm's  Law 
the  current  will  be  B'B  -^  lOlB ;  or  0  005*  ampere.  It 
now  eight  cells  nre  uneil,  tlioiigh  the  total  resistanca  Is 
thereby  incroasuJ  fraoi  1015  to  lOW  ohmi,  yet  the 
E.M.F.  is  increased  from  5B  to  8*8  volU,  and  the 
cnireni  to  OiNMB  atiipere. 

The  E.M.F.  of  tUe  single-fluid  cells  of  Volta  and  Smee 
is  marked  in  the  tahle  as  doulitfiil,  for  the  opposing 
E.M.F.  of  polarisation  eets  in  alrnoHt  before  the  true 
E.M.F.  of  the  cell  can  be  measured.  The  different  values 
assigned  to  other  cells  are  accounted  for  by  the  different 
degrees  of  concentration  of  the  liquids.  Thus  in  the 
Darnell's  oella  used  in  telegraphy,  loater  only  is  supplied 
at  first  in  the  cells  containing  the  zincs;  and  the  E.M.F. 
of  these  is  less  than  if  acid  or  sulphate  of  zinc  were  added 
to  tlie  water. 

193.  Other  Batteries.  —  Numerous  other  forms  of 
battery  have  been  suggested  by  different  electricians. 
There  are  three,  of  theoretical  interest  only,  in  which, 
instead  of  using  two  metals  in  one  liquid  which  attoclca 
them  unequally,  two  liquids  are  used  having  unequal 
chemical  action  on  the  metal.  In  these  thei'e  is  no  con- 
tact of  dissitnilar  metals.  The  first  of  these  was  invented 
by  tho  liiiiiwror  Napoleon  III.  Both  plates  were  of  cop- 
per iii]iping  respectively  into  solutions  of  dilute  sulphuric 
auiil  .ind  of  cyanide  of  potassium,  separated  by  a  porous 
cell.  The  second  of  these  combinations,  due  to  Wbhler, 
employs  plates  of  aluminium  oiily,  dipping  respectively 
into  strong  nitric  acid  and  a  solution  of  caustic  soda.    In 
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the  third,  invented  by  Dr.  Fleming,  the  two  liquids  do 
not  even  touch  one  another,  being  joined  together  by  a 
second  metal.  In  this  case  the  liquids  chosen  are  sodium 
persulphide  and  nitric  acid,  and  the  two  metals  copper 
and  lead.  A  similar  battery  might  be  made  with  copper 
and  zinc,  using  solutions  of  ordinary  sodium  sulphide,  and 
dilute  sulphuric  acid  in  alternate  cells,  a  bent  zinc  plate 
dipping  into  the  first  and  second  cells,  a  bent  copper  plate 
dipping  into  second  and  third,  and  so  on  ;  for  the  electro- 
motive-force of  a  copper-sodium-sulphide-zinc  combination 
is  in  the  reverse  direction  to  that  of  a  copper-sulphuric 
acid-zinc  combination. 

Upward  proposed  a  chlorine  battery,  having  slabs  of 
zinc  immersed  in  chloride  of  zinc  and  kathodes  of  carbon 
surrounded  by  crushed  carbon  in  a  porous  pot,  gaseous 
chlorine  being  pumped  into  the  cells,  and  dissolving  into 
the  liquids  to  act  as  a  depolarizer.  It  has  an  E.M.F.  of 
2  volts. 

Bennett  described  a  cheap  and  most  efficient  batteiy, 
in  which  old  meat-canisters  packed  with  iron  filings 
answer  for  the  positive  element,  and  serve  to  contain 
the  exciting  liquid,  a  strong  solution  of  caustic  soda. 
Scrap  zinc  thrown  into  mercury  in  a  shallow  inner  cup 
of  porcelain  forms  the  anode. 

Mari^  Davy  employed  a  cell  in  which  the  zinc  dipped 
into  sulphate  of  zinc,  while  a  carbon  plate  dipped  into  a 
pasty  solution  of  mercurous  sulphate.  When  the  cell  is 
in  action  mercury  is  deposited  on  the  surface  of  the  car- 
bon, so  that  the  cell  is  virtually  a  zinc-mercury  cell.  It 
was  largely  used  for  telegraphy  in  France  before  the 
introduction  of  the  Leclanche  cell. 

Obach's  dry  cell  has  an  outer  cylinder  of  zinc  which 
serves  as  a  case,  lined  with  plaster  of  Paris  soaked  in 
salamnioniac ;  with  a  central  carbon  kathode  surrounded 
with  binoxide  of  manganese  mixed  with  graphite. 

The  Fitch  cell,  used  in  the  United  States,  is  a  zinc- 
carbon  cell  with  an  excitant  composed  of  salammoniac 
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solution  to  which  the  chlorat^B  of  potash  &nd  tioda  have 
been  added. 

Pupst  used  an  iron-carbon  cell  with  ferric  chloride 
solution  as  excitant.  The  iron  dissolvea  and  chlorine  is 
at  flrat  evolved,  but  without  polarization ;  the  liquid 
regenerating  itself  by  absorbing  moisture  from  the  air. 
It  is  very  constant  but  of  low  E  M  F 

Jablochkotf  descnlwd  a  battery  m  which  plates  of 
carbon  and  iron  are  pKced  in  fused  nitre ;  the  carbon  ia 
here  tlie  electropositive  element,  being  rapidly  oonsurned 
in  the  liquid. 

Plante's  and  Faure  s  Spcondnri/  Balleries,  and  Grove's 
Gas  BaUer'j,  are  described  m  Arts.  4!)i,  403. 

The  i«M;alled  Diy  Pile  of  Znniboiii  deserves  notice. 
Tt  consists  of  a  unmbur  of  paper  disku,  coated  with  Kino- 
foil  on  one  side  and  with  liiuuxide  of  manganese  on  the 
other,  piled  upon  one  another,  to  the  numlier  of  some 
thousands,  in  a  glass  tube.  Ite  internal  resistance  ia 
enormous,  as  the  internal  conductor  is  the  moisture  of 
the  paper,  and  this  is  slight ;  but  its  electromotive-force 
ia  very  great,  and  a  good  dry  pile  will  yield  sparks. 
Many  years  may  elapse  before  the  zinc  is  completely 
oxidized  or  the  manganese  exhausted.  In  the  Clarendon 
Laboratory  at  Oxford  there  is  a  dry  pile,  the  poles  of 
which  are  two  metal  bells :  between  them  ia  hung  a  small 
brass  ball,  which,  by  oscillating  to  and  fro,  slowly  dis- 
charges the  electrification.  It  has  now  been  continuously 
ringing  the  bells  for  fifty  years. 

194.  EQect  of  Heat  on  Cells.  ^If  a  cell  be  warmed 
it  yields  a  stronger  current  than  when  cold.  This  is 
chiefly  due  to  the  fact  that  the  liquids  conduct  better 
when  warm,  the  internal  resistance  being  thereby  reduced. 
A  slight  change  ia  also  observed  in  the  E.M.F.  on  heat- 
ing; thus  the  E.M.F.  of  a  Daniell's  cell  is  about  li  per 
cent  higher  when  warmed  to  the  temperature  of  boiling 
water,  while  that  of  a  bichromate  battery  falls  off 
nearly  2  per  cent  under  similar  circumstances.     In  the 
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Clark  standard  cell  the  E.M.F.  decreases  slightly  with 
temperature,  the  coefficient  being  0*00077  per  degrees 
centigrade.  Its  E.M.F.  at  any  temperature  $  may  be 
calculated  by  the  formula, 

E.M.F.  =  1434  [1  -  0-00077  (0  -  15)  ]  volt. 


Lesson  XVI.  —  Magnetic  Actions  of  the  Current 

105.  Oersted's  Discovery.  —  A  connexion  of  some 
kind  between  magnetism  and  electricity  had  long  been 
suspected.  Lightning  had  been  known  to  magnetize 
knives  and  other  objects  of  steel ;  but  almost  all  attempts 
to  imitate  these  effects  by  powerful  charges  of  electricity, 
or  by  sending  currents  of  electricity  through  steel  bars, 
had  failed.*  About  1802  Romagnosi,  of  Trente,  vaguely 
observed  that  a  voltaic  pile  affects  a  compass-needle. 
The  true  connexion  between  magnetism  and  electricity 
remained,  however,  to  be  discovered. 

In  1819,  Oersted,  of  Copenhagen,  showed  that  a  mag- 
net tends  to  set  itself  at  right  angles  to  a  wire  carrying  an 
electric  current.  He  also  found  that  the  way  in  which 
the  needle  turns,  whether  to  the  right  or  the  left  of  its 
usual  position,  depends  upon  the  position  of  the  wire  that 
carries  the  current  —  whether  it  is  above  or  below  the 
needle,  — and  on  the  direction  in  which  the  current  flows 
through  the  wire. 

106.  Oersted's  Experiment.  —  Very  simple  appara- 
tus suffices  to  repeat  the  fundamental  experiment.  Let 
a  magnetic  needle  be  suspended  on  a  pointed  pivot,  as 
in  Fig.  107.     Above  it,  and  parallel  to  it,  is  held  a  stout 

*  Down  to  this  point  in  these  lessons  there  has  been  no  connexion 
between  magnetism  and  electricity,  though  something  has  been  said  about 
each.  The  student  who  cannot  remember  whether  a  charge  of  electricity 
does  or  does  not  afifect  a  magnet,  should  turn  back  to  what  was  said  in 
Art.  99. 
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copper  wire,  one  end  of  which  is  joined  to  one  pole  o£  a 
battery  of  one  or  two  cells.  Tlie  other  end  of  the  wire 
is  then  brought  into  contact  with  the  other  pole  of  the 
battery.  Ab  soon  as  the  circuit  is  completed  the  current 
flows  through  the  wire  and  the  needle  turns  briskly  aside. 
If  the  current  he  flowing  along  the  wire  above  the  needle 
in  the  direction  from  north  to  south,  it  will  cause  the 
N-seeking  end  of  the  needle  to  turn  eastwards ;  if  the 
current  flows  from  south  to  north  iii  the  wire  the  N-aeek- 


ing  end  of  the  needle  will  be  deflectjid  westwards.  If  the 
wire  is,  however,  below  the  needle,  the  motions  will  be 
reversed,  and  a  current  flowing  from  north  to  south  will 
cause  the  N-seeking  pole  to  turn  westwarils. 

107.  Ampere's  Rule.  —  To  keep  these  movements  in 
memoi-y,  Ampfere  suggested  the  following  fanciful  but 
useful  rule.  Suppose  «  7n(in  swimming  in  the  wire  with 
the  current,  and  that  he  turfis  so  as  to  face  the  needle,  then 
the  N-seekinff  pole  of  the  neeiUe  will  be  deflected  loioards  his 
left  hand.  lit  other  words,  tiie  deflexion  of  the  N-seeking 
pole  oE  a  mi^netic  needle,  as  viewed  from  the  conductor, 
ia  towards  the  left  of  the  current. 

For  certain  particular  cases  in  which  a  Jixed  magnet 
pole  acts  on  a  mouahle  circuit,  the  follovting  converse  to 
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Ampere's  Rule  will  be  found  convenient.  Suppose  a  man 
swimming  in  the  wire  with  the  current,  and  that  he  turns 
so  as  to  look  along  the  direction  of  the  lines  of  force  of 
the  pole  (i,e.  as  the  lines  of  force  run,  from  the  pole  if  it 
be  N-seeking,  towards  the  pole  if  it  be  l^seeking),  then  he 
and  the  conducting  wire  with  him  will  be  urged  toward 
his  left. 

108.  Corkscrew  Rule.  —  More  convenient  is  the  fol- 
lowing rule  suggested  by  Maxwell.  The  direction  of  the 
current  and  that  of  the  resulting  magnetic  force  are  related 
to  one  another,  as  are  the  rotation  and 
the  forward  travel  of  an  ordinary  (right- 
handed)  corkscrew.  In  Fig.  108,  if  the 
circle  represents  the  circulation  of  current, 
the  arrow  gives  the  direction  of  the  result- 
ing magnetic  force.  One  advantage  of 
this  rule  is,  that  it  is  equally  applicable 
in  the  other  case.  If  the  arrow  represents  the  direction 
of  the  current  along  a  straight  wire,  the  circle  will 
represent  the  direction  of  the  resulting  magnetic  force 
around  it. 

199.   Galvanoscope.  —  A    little    consideration    will 
show  that  if  a  current  be  carried  beloiv  a  needle  in  one 

direction,  and  then  back  in  the  opposite 
direction  above  the  needle,  by  bending 
the  wire  round,  as  in  Fig.  109,  the 
forces  exerted  on  the  needle  by  both 
portions  of  the  current  will  be  in  the 
same  direction.  For  let  a  be  the 
N-seeking,  and  b  the  S-seeking,  pole 
of  the  suspended  needle,  then  the 
tendency  of  the  current  in  the  lower 
iTig.  109.  pg^j.^  ^£  ^j^g  wire  will  be  to  turn  the 

needle  so  that  a  comes  towards  the  observer,  while  b 
retreats;  while  the  current  flowing  above,  which  also 
deflects  the  N-seeking  pole  to  its  left,  will  equally  urge 
a  towards  the  observer^  and  b  from  him.     The  needle 
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will  not  BtaiiU  out  ooiapletely  at  right  angles  to  dhe 
direction  of  tlie  wive  oouduutor,  but  will  take  au  obiiigue 
poHitiuiL.  TLe  dirmitivu  fu^ct^s  of  the  eartli'a  magnetism 
are  teuding  to  make  the  needle  point  north-aiid-BOUth. 
The  electric  current  ia  notiug  on  the  needle,  tending 
to  make  it  set  itself  west-and-east.  The  resultant 
forae  will  be  in  an  oblique  directiou  between  theae, 
aud  will  depend  Upon  the  relative  strength  of  the  two 
conflicting  forces.  If  the  current  is  very  strong  the 
needle  will  turn  widely  round  ;  bnt  could  only  turn  com- 
pletely to  a  right  angle  if  the  current  were  infinitely 
strong.  Tf,  however,  the  current  is  feeble  in  ooniparison 
with  the  directive  magnetic  force,  the  needle  will  tm'n 
very  little. 

This  arrangement  will,  therefore,  serve  rouglily  as  a, 
GalyanOBCOpo  or  indicator  of  currents;  for  the  move- 
ment of  the  needle  shows  the  direction  of  the  current, 
and  indicates  whether  it  is  a  strong  or  a  weak  one. 
This  apparatus  is  too  rough  to  detect  very  delicate  our- 
reiita.  To  obtain  a  more  sensitive  instrument  there  are 
two  possible  courses;  (i.)  increase  the  efieotive  action 
of  the  current  by  carrying  the  wire  more  than  once 
round  the  needle ;  (ii.)  deoreaae  the  opposing  directive 
forae  of  the  earth's  magnetism  by  some  compensating 
oontrivancfl. 

200.  Schweiggei's  Multiplier.  —  The  first  of  the 
above  suggestious  was  carried  out  by  Schweigger,  who 
constructed  a  mulliplier  of  many  turns  of  wire.  A  suit- 
able frame  of  wood,  brass,  or  ebonite,  is  prepared  to 
receive  the  wire,  wliich  must  be  "  insulated,"  or  covered 
with  silk,  or  cotton,  or  guttapercha,  to  prevent  the 
separate  turns  of  the  coil  from  coming  into  contact  with 
each  other.  Within  this  frame,  which  may  be  circular, 
eiliptioal,  or  more  usually  rectangular,  as  in  Fig.  110,  the 
needle  is  suspended,  the  frame  being  jilaced  so  that 
the  wires  lie  in  the  magiiutic  meridian.  The  greater  the 
nimiber  of  turns  the  more  powerful  will  be  the  magnetic 
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201    A  Ut     Combmat   n    —  Tl     d  f    ce  ex- 

e     sed  b    th         th      m  gii  tiBUi         a  n  agi    ti       eedle 
may  lie  red      d         I      tdbj  ftwrnhda   — 

(o)  [//a%'3  Method'].  By  employing  a  cnmpennating 
magnet.  An  ordmary  long  bar  magnet  laid  in  tbe  mag- 
netic meridian,  but  witb  ita  N-aeeking  pole  directed 
towards  the  north,  wSl,  if  placed  horizontally  above  or 
below  a  suspended  mngnetio  needte,  tend  to  make  the 
needle  set  itself  with  ita  S-iseeking  pole  northwards.  U 
near  the  needle  it  may  oveiiiower  the  directive  force  of 
the  earth,  and  cause  the  needle  to  reverse  ita  usual  posi- 
tion. If  it  is  far  away,  all  it  can  do  is  to  lessen  the 
directive  force  of  the  earth.  At  a  certain  distance  the 
magnet  will  just  compensate  this  foi-ce,  and  the  needle 
will  be  neutral.  Tliia  arrangement  for  reducing  the 
earth's  directive  force  is  applied  in  tbe  reflecting  galva- 
nometer  shown  in  Fig.  122,  in  which  the  magnet  at  the 
top,  curved  in  form  and  capable  of  adjustment  to  any 
height,  afforda  a  means  of  adjusting  the  instrument  to  the 
desired  degree  of  sensitiveness  by  raising  or  lowering  it. 
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(i)   [N'obUi't  Method']. 
magnetic  ueedlea. 
strength  and  size 


By  using  an  aslntie  pair  of 
miigiiiitiKed  needleii  of  equal 
boiuid  tojjetlier  by  a  light  wire  of 
bruSH,  or  aluminium,  in  re- 
veraed  poaitiona,  oa  abown 
in  Fig.  Ill,  the  force  urging 
onu  to  set  itself  in  the  mag- 
netic meridian  is  exactly 
counterbalanced  by  the  force 
that  acts  on  the  other.  Con- 
sequently thi«  pair  of  needles 
will  remain  in  any  position 
in  nhich  it  is  set,  and  is 
independent  of  the  earth's 
magnetism.  Such  a  com- 
in  astatic  pair.  It  ia,  however, 
to  obtain  a  perfectly  astatic  pair, 
to  niaguetize  two  needles  exactly 
to  equal  strength,  nor  is  it  easy  to  fix 
them  perfeotlv  parallel  to  one  another. 
Such  anastatic  pair  IS  however  readily 
deflected  by  a  current  flowing  m  a  wire 
coiled  around  one  of  the  needles  for 
as  shown  iji  Fig  IIJ  the  cui  I 
which   flows   alove    one    need]  1 

below  the  otliei  will  urge  both  ll 
same  direction  because  they  arealrc  il> 
ill  reversed  pusitu  us       It  is  even  [  on-  oic-ui 

sible  to  go  further  and  to  cirry  the 
wire  round  loth  needlea  «mdmg  the  coil  around  the 
upper  in  the  opposite  aenae  to  that  in  which  the  aoil  is 
wound  round  the  lower  needle  Several  other  aatalic 
combinations  are  possible  For  examjle  tno  needlea 
maybe  set  vertically  with  siraiHr  polea  upward  at  the 
ends  of  a  pivoted  1  ori/ontal  strij  of  wood  or  1  rass 

Nobili  applied  the  aatitio   irrangempnt  of  neeillea  to 
the  multiplying  colls  of  'ichweii.ger  ani  thus  constructed 
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a  very  sensitive  instrument,  the  Astatic  Galvanometer, 
shown  in  Fig.  119.  The  special  forms  of  galvanometer 
adapted  for  the  measurement  of  currents  are  described 
in  the  next  lesson. 

202.  Magnetic  Field  due  to  Current:  Magnetic 
Whirls.  —  Arago  found  that  if  a  current  be  passed 
through  a  piece  of  copper  wire  it  becomes  capable  of 
attracting  iron  filings  to  it  so  long  as  the  current  flows. 
These  filings  set  themselves  at  right  angles  to  the  wire, 
and  cling  around  it,  but  drop  off  when  the  circuit  is 
broken.  There  is,  then,  a  magnetic  "  field,"  around  the 
wire  which    carries    the 

current;    and    it    is   im-    <>r  -^ 

portant  to  know  how  the 
lines  of  force  are  dis- 
tributed in  this  field. 

Let  the  central  spot  in 
Fig.  113  represent  an  im- 


/  Oflt  ^ 


Fig.  118.  Fig.  114. 


aginary  cross-section  of  the  wire,  and  let  us  suppose  the 
current  to  be  flowing  in  through  the  paper  at  that  point. 
Then  by  Ampere's  rule  a  magnet  needle  placed  below  will 
tend  to  set  itself  in  the  position  shown,  with  its  N  pole 
pointing  to  the  left.*  The  current  will  urge  a  needle 
above  the  wire  into  the  reverse  position.  A  needle  on 
the  right  of  the  current  will  set  itself  at  right  angles  to 
the  current  (i.e.  in  the  plane  of  the  paper),  and  with  its 
N  pole  pointing  down,,  while  the  N  pole  of  a  needle  on 
the  left  would  be  urged  up.  In  fact  the  tendency  would 
be  to  urge  the  N  pole  round  the  conductor  in  the  same 


*  If  tho  student  has  any  difllculty  in  applying  Ainp6re'8  rule  to  this 
case  and  the  others  which  succeed,  he  should  carefully  follow  out  tho  fol- 
lowing mental  operation.  Consider  the  spot  marked  "tn"  as  a  hole  In 
the  ground  into  which  the  current  is  "flowing,  and  into  which  he  dives 
head-foremost.  While  in  tho  hole  he  must  turn  round  so  as  to  fece  each 
of  the  magnets  in  succession,  and  remember  that  in  each  case  the  N- 
seeking  i)ole  will  be  urged  to  Ms  left.  In  diagram  84  he  must  conceive 
himself  as  coming  up  ovX  of  the  hole  in  the  ground  where  the  current  is 
flowing  out. 
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way  aa  the  liiiiida  of  a  watch  move;  while  the  S  pole 
would  lie  ui'geil  irj  the  opposite  cyclic  direction  to  that  of 
the  haudti  of  li  watch.  If  the  current  ia  reversed,  and  m 
regarded  aa  flowing  towards  the  reader,  i.e.  coming  up 
out  of  the  plane  of  the  paper,  aa  in  the  diagram  of  Fig. 
114,  then  the  motioua  would  be  just  in  the  reverse  aeuae. 
It  would  seem  from  this  aa  if  a  N-aeeking  pole  of  a 
magnet  ought  to  revolve  eontinuously  round  and  round  a 
current;  but  aa  we  cannot  obtain  a  moguet  with  one 
pole  only,  and  as  the  S-seeking  pole  is  urged  in  an  oppo- 
aite  direction,  all  that  occurs  is  that  the  needle  aets  itself 
OS  a  tangent  to  a  circular  curve 
surrounding  the  conductor.  The 
field  surrounding  the  conductor 
consists  in  fact  of  a  sort  of  en- 
veloping magnetic  whirl  all  along 
it,  the  whirl  being  strong  near 
the  wire  and  weaker  farther  away. 
This  is  what  Oersted  meant  when 
he  described  the  electric  current 
aa  acting  "in  a  revolving  manner" 
upon  the  magnetic  needle.  The 
field  of  force,  with  its  circular  lines  surrounding  a  current 
flowing  in  a  straight  conductor,  can  be  examined  experi- 
mentaliy  with  iron  fiUiigs  in  the  following  way :  A  card 
ia  placed  horizontally  mid  a  stout  copper  wire  is  passed 
vertically  through  a  hole  in  it  (Fig.  115).  Iron  filings 
are  aifted  over  ^e  card  (as  described  in  Art.  119),  and  a 
strong  current  from  three  or  four  large  cells  is  passed 
through  the  wire.  On  tapping  the  card  gently  tlie  filings 
near  the  wire  set  themaelvea  in  concentric  oirclee  round  it. 
It  is  because  of  this  surrounding  field  that  two  con- 
ductors can  apparently  act  on  one  another  at  a  diataoce. 
If  both  currents  are  flowing  in  tlio  same  direction,  their 
magnetic  fields  tend  to  merge,  and  the  resulting  stress  in 
the  medium  tends  to  drag  them  together  with  an  appa- 
rent attraction.    If  tlie  currents  are  flowing  in  opposite 
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directions  the  stresses  in  the  intervening  magnetic  field 
tend  to  thrust  them  apart  (see  also  Art.  389). 

It  is  known  that  energy  has  to  be  spent  in  producing 
any  magnetic  field.  When  a  current  is  turned  on  in  a 
wire  the  magnetic  field  grows  around  the  wire,  some  of 
the  energy  of  the  battery  being  used  during  the  growth 
of  the  current  for  that  purpose.  One  reason  why  electric 
currents  do  not  instantly  rise  to  their  final  value  is  be- 
cause of  the  reactive  effect  of  this  sm*rounding  magnetic 
field.  No  current  can  exist  without  this  surrounding 
magnetic  field.  Indeed  it  is  impossible  to  refute  the 
proposition  that  what  we  commonly  call  an  electric 
current  in  a  wire  really  is  this  external  magnetic 
whirl. 

203.  Equivalent  Magnetic  Shell :  Ampere's  Theorem. 
—  For  many  purposes  the  following  way  of  regarding 
the  magnetic  action  of  electric  currents  is  more  con- 
venient than  the  preceding.  Suppose  we  take  a  battery 
and  connect  its  terminals  by  a  circuit  of  wire,  and  that 


Fig.  116. 

a  portion  of  the  circuit  be  twisted,  as  in  Fig.  116,  into 
a  looped  curve,  it  will  be  found  that  the  entire  space 
enclosed  by  the  loop  possesses  magnetic  properties.  In 
our  figure  the  current  is  supposed  to  be  flowing  round 
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tlie  loop.  IIS  vieweil  from  above,  iu  the  same  direction  an 
the  liBiids  of  a  clock  move  romid ;  an  imaginary  man 
swimming  round  tha  circuit  and  always  facing  towards 
the  centre  would  have  his  left  side  down.  By  Anipfere's 
rule,  then,  a  N  pole  would  be  urged  downwards  through 
the  loop,  while  a  S  pole  would  be  urged  upwiirds.  In 
fact  the  space  enclosed  by  the  loop  of  the  circuit  behaves 
like  a  maijnelic  thelt  (see  Art.  IIB),  having  its  upper  face 
of  S-seebing  magnetism,  and  its  lower  face  of  N-seeking 
im^netism.  It  can  he  shown  in  aiery  case  that  a  closed 
Bollaie  circuit  U  equivalent  to  a  magnetic  shell  whate  atges 
coincide  in  poMtiim  with  the  circuit,  the  shell  being  of 
such  a  strength  thnt  the  number  of  its  linos  of  force 
is  the  same  aa  that  of  the  lines  of  force  due  to  the 
current  iu  the  circuit.  The  circuit  nctti  on  a  magnet 
attracting  or  repelling  it,  and  being  attracted  or  repelled 
by  it,  just  exactly  aa  its  equivalent  magnetic  shell  would 
do-.  ALw,  the  circuit  itself,  when  placed  in  a  magnetic 
field,  experiences  the  some  force  as  its  equivalent  mag- 
netic whell  would  do. 

204.  MaxweU'8  Rule.  —  Professor  Clerk  Maxwell, 
who  developed  this  method  of  treating  the  subject,  has 
given  the  following  elegant  nUe  for  determining  the 
mutual  action  of  a  circuit  and  a  magnet  placed  near  it. 
Eoery  portion  of  lite  cxrcxtd  is  acted  upon  hy  a  force  urging 
it  in  such  a  direetum  at  to  male  tl  enclose  within  its  embrace 
the  greatest  possible  number  aj  lines  of  force.  If  the  cir- 
cuit is  fixed  aiid  the  magnet  movable,  then  the  force 
acting  on  the  magnet  will  also  be  such  as  to  tend  to 
make  the  number  of  Inios  of  force  that  pass  through 
tha  circuit  a  m^]umum  (see  alxo  Art  34B). 

This  is  but  one  case  of  tlie  still  more  general  law 
governing  every  part  of  eveiy  electromagnetic  system, 
via. :  ErtTi/  electromagnetic  •ti/'-leni  tends  so  to  change  the 
confyuralinn  of  its  parts  as  to  make  the  flux  of  magnetic 
lines  Ihrovijh  lite  exciting  circuit  a  maximum.     (Art.  379.) 

206.  De  la  Sive'a  Floating  Battery.  —  The  preced 
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ing  remarks  may  be  illustrated  experimentally  by  the 
aid  of  a  little  floating  battery.  A  plate  of  zinc  and  one 
of  copper  (aee  Fig.  117)  are  fixed  side  by  side  in  a  large 
cock,  and  coonected  above  by  a  coil  of  several  windings  of 
covered  copper  wire.  This  ia  floated  upon  a  dish  contain- 
ing dilute  Hulphuric  acid.  If  one  pole  of  a  bar  magnet 
be  held  towards  the  ring  it  will  be  attracted  or  repelled 
according  to  the  pole  employed.  The  floating  circuit  will 
BO  move  as  to  make  the  flux  of  magnetic  lines  through  the 


Fig.  1!1. 


Tf  the  S  pole  of  the  magnet  be  pre- 
sented to  that  face  of  the  ring  wliicti  acts  as  a  S-seeldng 
pole  (via.  that  face  round  which  tlie  ciUTent  is  flowing  in 
ft  clockwise  direction),  it  will  repel  it.  K  the  pole  be 
thrust  right  into  the  ring,  and  then  held  still,  the  battery 
will  be  strongly  repelled,  will  draw  itself  off,  float  away, 
turn  round  ao  as  to  present  toward  the  S  pnle  of  the 
maguet  its  N-seekiiig  face,  will  then  be  attracted  up,  and 
will  thread  itself  on  to  tlie  magnet  up  to  the  middle,  in 
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wliich  position  as  many  magtietio  lines  o£  loroe  na  poB- 
sible  cross  the  area  of  the  ring. 

It  can  be  sliown  also  that  two  circuits  traversed  by 
curranta  attract  and  repel  one  another  just  as  two  mag- 
netic shells  would  do- 
lt will  be  explained  in  Lesson  XXXI.  on  Electromag- 
nets how  a  piece  of  iron  or  steel  can  be  magnetized  by 
causing  a  current  to  flow  iu  a  spiral  wire  round  it. 

206.  Strength  of  the  Current  in  Hagnetlc  HsaaaTe. 
—  When  a  current  thus  acts  on  a  magnet  pole  near 
it,  the  force  ./'  whicili  it  excrti  will  he  proportional  t« 
the  strength  C  of  the  current,  and  proportional  alao  to 
the  strength  m  of  the  magnet  pole,  and  to  the  lejigtli  I 
of  the  wire  employed :  the  force  exerted  lietween  each  ele- 
ment of  the  circuit  and  the  pole  will  also  vary  inversely  as 
the  square  of  the  distance  r  lietween  llieni.  If  the  wire 
is  looped  into  a  circular  coil  with  the  magnet  pole  at  the 
centre,  so  that  each  portion  of  the  circuit  is  approximately 
at  the  same  distance  from  the  pole,  /  =  —^  dynes. 
Suppose  the  wire  looped  np  into  a  circle  round  the  magnet 

pole,  then  /  =  Htft,  and  /  =  m  dynes.     Suppose  also 

that  the  circle  is  of  one  centimetre  radius,  and  that  the 
magnet  pole  is  of  strength  of  one  unit  (see  Art.  352), 
then  the  force  exerted  by  the  current  of  strength  C 
2jrC 


will  be  ■ 


r  2irC  dynes.     In  order,  therefore,  that 


a  current  of  strength  C  should  exert  a  force  of  C  dyues  on 
the  unit  pole,  one  must  consider  the  current  as  travelling 

round  only   g—  part  of  the  circle,  or  round  a  portion  of 
the  circumference  equal  in  length  to  the  radius. 

207.  Unit  of  Current.  —  A  current  is  said  to  have  a 
strength  of  one  "  absolute  "  unit  when  it  is  such  that  if  one 
centimetre  length  of  the  circuit  is  lient  into  an  arc  of  one 
centimetre   radius,  the   current   in   it   exerts  a  force  of 
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one  dyne  on  a  magnet-pole  of  unit  strength  placed  at  the 
centre  of  the  arc.  The  practical  unit  of  "  one  ampere  "  is 
only  ^Q  of    this    theoretical  unit   (see    also 


I 


:?P 


\ 


Art.  354). 

K  the  wire,  instead  of  being  looped  into  a 
coil,  is  straight  and  of  indefinite  length,  the 
force  which  the  current  in  it  exerts  upon  a 
pole  of  strength  m  placed  at  point   P  near 
it  will   be  found  to   vary   inversely   as   the 
simple  distance  (not  as  the  square),  and  the 
pole  will  tend  to  move  at  right  angles  both 
to  the  wire  and  to  the  line  OP.     In  Fig.  118 
the    descending    current  will   (according  to        ^' 
the  corkscrew  rule  above)  tend  to  drive  a  N  pole  at  P 
towards  the  spectator.     If  the  current  is  C  amperes  the 
force  (in  dynes)  on  the  pole  of  m  units  will  (see  Art.  343)  be 

/=2mC/10r. 

Example.  —  The  force  exerted  by  a  current  of  60  amperes 
in  a  long  straight  conductor  upon  a  pole  of  200  units 
placed  2  centimetres  away  from  it  will  be  1200  dyn«s, 
or  (dividing  by  ^^  =  981)  about  1*22  grammes'  weight. 


Lesson  XVII.  —  Galvanometers 

208*  The  term  Galvanometer  is  applied  to  aa  in- 
strument for  measuring  the  strength  of  electric  currents 
by  means  of  their  electromagnetic  action.  There  are 
two  general  classes  of  Galvanometers :  (1)  those  in  which 
the  current  flowing  in  a  fixed  coil  of  wire  causes  the 
deflexion  of  a  pivoted  or  suspended  magnetic  needle ;  (2) 
those  in  which  the  current  flowing  in  a  movable  coil 
suspended  between  the  poles  of  a  fixed  magnet  causes  the 
coil  to  turn.  There  is  a  third  kind  of  instrument  (called 
for  distinction  electrodynamometer,  see  Art.  394),  in  which 
both  the  moving  part  and  the  fixed  part  are  coils.  These 
last  are  used  chiefly  for  alternating-currents. 
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Tlie  Himiile  arriingunieiil  ilesuribtMl  in  Art.  IQJ)  wiia 
termed  a  "  GalvaDOBOope,"  or  current  indicalor,  but  it 
could  not  rightly  be  termed  a  "  galvanometer  "*  or  current 
measurer,  because  its  indications  wereonly  qualitative,  not 
quantitative.  The  iiidicstionB  of  the  needle  did  not  afford 
accurate  knowledge  as  to  tlie  exact  strength  of  current 
flowing  through  the  instrument.  A  good  galvanometer 
must  fulfil  the  essential  condition  that  its  readings  shall 
really  measure  the  strength  of  the  current  in  some  cer- 
tain way.  It  should  also  be  sufficiently  sensitive  for  the 
current*  that  are  to  be  measured  to  affect  it.  The 
galvanometer  adapted  for  measuring  very  small  currents 
(say  a  current  of  only  one  or  two  millionth  parts  of  an 
ampere)  will  not  be  suitable  for  measuring  Tcry  strong 
currents,  such  as  are  used  in  electric  lighting  or  electro- 
plating. Large  currents  need  thick  wires ;  and  a  coil  of  few 
turns  will  suffice.  If  very  small  currents  are  to  turn  the 
needle  they  must  circulate  huudreila  or  thousands  of  times 
around  it,  and  therefore  a  coil  of  many  turns  ia  appro- 
priate, and  the  wire  may  be  a  very  fine  one.  Moreover, 
if  the  current  to  1«  measni'ed  has  already  passed  through 
a  circuit  of  great  resistance  (as,  for  example,  some  miles 
of  telegraph  wire),  a  galvanometer  whose  coil  is  a  short 
one,  consisting  only  of  a  few  turiis  of  wire,  will  be  of  no 
use,  and  a  long-coil  galvanometer  must  be  employed  with 
many  hundreds  or  even  thousands  of  turns  of  insulated 
wire  round  the  needle.  The  reason  of  this  is  explained 
hereafter  (Art  408).  Hence  it  will  be  seen  that  different 
styles  of  instrument  are  needed  for  different  kinds  of 
works;  but  of  all  it  is  required  that  they  should  afford 
quantitative  measuveraenla,  that  they  should  lie  sufficiently' 
sensitive  for  the  current  that  ix  to  be  measured,  and  carry 
that  uurreut  without  overheating. 


•  Tbo  lornn  Rllwwaope  in 
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METHODS  or  USE 


200.  Hetliods  of  CoDtrol.  —  Tii  all  iiiaLnuneDU, 
whether  the  moving  part  be  a  magnet  or  a.  coil,  some 
controlling  force  ia  needful,  otherwise  the  very  smaEest 
current  would  turn  the  index  completely  about.  If  small 
currents  are  to  produce  a  small  deflexion,  and  larger  cur- 
rents a  larger,  there  must  be  forces  tending  to  control. 
Several  means  of  control  may  be  used.    These  are : — 

(a)  Earth's  Magnelic  Force. — When  the  needle  ia  hung 
on  pivot  or  fibre,  the  earth's  magnetic  force  tries  to  bring 
it  back  into  the  magnetic  meridian.  This  is  the  com- 
iDonest  method  in  galvanometers  with  moving  needles. 

(6)  Torsion  o/ Wire.  ^Moving  part  in  turning  twists 
the  suspending  wire,  which  then  tries  \o  untwist,  with  a 
force  which  increases  as  the  angle  of  deflexion.  This 
method  ia  commonest  iu  galvanometers  with  suspended 

(c)  Gravity.  —  If  needle  is  pivoted  on  trunnions  to  move 
in  vertical  plane,  it  may  be  weighted  at  one  end. 

(rf)  Permanent  Magnet  Contra!.  —  To  render  a  needle 
instrument  independent  of  position,  it  may  be  arranged 
with  a  powerful  external  steel  magnet  to  bring  the  needle 
back  to  zero. 

(e)  Bifilar  Suspension.  —  A  needle  or  coil  hung  hy 
two  parallel  threads  tends  by  gravity  to  return  to  ite 
initiftl  position. 

To  mnfce  an  instrument  very  sensitive  the  control 
must  be  weakened  as  much  as  possible. 

210.  Methods  of  Observation.  —  There  are  follow- 
ing methods  of  using  galvanometers  in  making  oliserva- 

(i.)  De^ej:(*onjV.'(*o(i.  — The  angle  through  which  the 
moving  part  (whether  needle  or  coil)  is  deflected 
is  read  off  on  a  scale,  by  pointer  or  reflected  beam 
of  light,  when  the  movingpart  haa  come  to  rest. 
This  is  the  commonest  method. 

Qi.)  Tornlon  Method.  —  The  moving  part  is  suspended 
by  a  wire  from  a  torsion  head,  which  ia  turned 
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round  iiiiLil  tliu  itiilux  is  l>roughl  back  to  zero ; 
the  controlling  force  tlien  lialaiicing  the  deflect- 
ing force.  This  vary  accurate  niethod,  due  to 
Ohm,  ia  used  in  Siemens'  electrodynaniometer 
(Art  3fl4). 

(iii.)  Fint  Simtig  Method.  —  Instead  of  waiting  for 
moviii);  part  to  come  to  rest  the  ^rst  swying  may 
be  observed.  Thia  method  which  is  the  only 
one  pmcticable  for  audden  dischai^ies,  or  for 
transient  currents,  ia  called  the  ballistic  method 
(see  Art.  218).  Tf  the  moving  part  is  not 
damped  iu  its  motiou  the  first  swing  on  turn- 
g  a  battery  current  is  exactly  tmice  the 
a  gle  at  which  the  deHexion  settlea  down. 

(iy.)  Osc  Hal  o  Ve  hod.  —  Instead  of  observing  deSex- 
o  the  f  le  of  oscillation  of  the  needle  may 
be  observed,  the  coil  being  in  thifl  method  set 
at  g1  t  angles  to  the  magnetic  meridian.  Al- 
bwa  ce  lat  be  made,  as  in  Art.  133,  for  the 
earth's  magnetiHm. 
(t.)  Cumulative  Method.  —  For  very  niinnte  carrenta 
n  method  is  Boitietimes  adopted  to  get  up  a, 
measurable  swing  by  reveraiiig  the  current  (by 
hand)  as  the  needle  swings  through  zero. 
Sometimes  a  rotating  commutator  of  special 
construction  is  employed  t^  produce,  aud  accu- 
mulate, the  successive  impulses. 

(vi.)  Null  Melhoih.' — In  many  eases  combinations  are 
used  (Wheatstone's  "  Bridge,"  "  Differential 
Galvanometers,"  etc.)  of  such  a  kind  that  when 
the  conditions  of  electrical  equilibrium  are  at- 
tained no  current  will  flow  through  the  galva- 
&omet«r  in  the  circuit.  Such  methods,  which 
are  generally  exceedingly  accurate,  are  known 
as  null  methods.  For  such  methods  sensitive 
galvanometers  a,re  applicable,  but  the  gradua- 
tion of  their  scale  is  unimportant. 
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211.  Bobili's  Astatic  GalTanometer.  —  The  instni- 
ment  constructed  by  Nobili,  consisting  of  an  astatic  paif 
of  needles  delicately  hung,  so  that  the  lower  one  lay 
within  a,  coil  of  wire  wound  upon  an  ivory  frame  (Fig. 
119),  was  for  long  the  fayourite  form  of  sensitive  gal- 
vanometer. Tha  needles  of  this  instrument,  being  inde- 
pendent of  the  earth's  magnetism,  take  their  position  in 
obedience  to  the  torsion  of  the  fibre  by  which  they  are 
hung.  The  frame  on  which  tlie  coil  is  wound  must  be 
set  carefully  parallel  to  the  needles ;  and  three  screw  feet 
serve  to  adjust  the 
hue  of  the  instru- 
mant  level.  Protec- 
tion against  curreuta 
of  air  is  afforded  by  a 
g^ass  shade.  When 
a  current  is  sent 
through  the  wire  coils 
the  needles  move  to 
right  or  left  over 
B  graduated  circle. 
When  the  deflexions 
BTenna2/(i.e.  less  than 
10°  or  15°)  they  a,r6 
very  nearly  propor- 
tional to  the  strength  ~ 
of  the  currents  that  "'^' 
ptoduce  them.  Thus,  if  a  current  produces  a  deflexion 
of  B°  it  is  known  to  be  approximately  three  times  as 
strong  as  a  current  which  only  turns  the  needle  through 
2°.  But  this  approximate  proportion  ceases  to  lie  true 
if  the  deflexion  ia  more  than  15"  or  20°;  for  then  the 
needle  is  not  acted  upon  so  advantageously  by  the  cur- 
rant, since  the  poles  are  no  longer  within  the  coils,  but 
are  protruding  at  the  iiide,  and,  moreover,  the  needle 
being  oblique  to  tha  force  acting  on  it,  part  only  of  the 
force  is  turnuig  it  against  the  directive  force  of  the  fibre ; 
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the  other  part  of  the  force  ia  useleasly  pulling  or  pushing 
the  ueedle  along  its  length.  It  is,  however,  possible  to 
calibrate  the  galvatioraeter — -that  is,  to  ascertain  liy 
special  measurements,  or  by  comparison  with  a  standard 
instrument,  to  witat  strengths  of  current  particular 
amounts  of  deflexion  correspond.  Thus,  suppose  it  once 
known  that  a  deflexion  of  !)S°  on  a  particular  galva- 
nometer is  produced  by  a  current  of  yj^  of  an  ampere, 
then  a  current  of  that  streugth  will  always  produce  on 
that  instrument  the  sanie  deflexion,  unless  from  any 
accident  the  controlling  force  hn.i  been  altered. 

212.   The  Tangent   Galvanometer.  —  Tt  ia  not  —  for 
the   reasons   mentioned  above — posaible  to  construct  a 


galvanometer  in  which  the '(fJ7;e{.i.'i  measured  in  degrees  of 
arc)  through  which  the  needle  is  deflected  ia  proportional 
throughout  its  whole  range  to  the  strength  of  the  current. 
But  it  ia  possible  to  construct  a  very  simple  galvanometer 
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in  which  the  tangent  *  of  the  angle  of  deflexion  shall  be 
accurately  proportional  to  the  strength  of  the  current. 
The  essential  feature  of  all  tangent  galvanometers  is  that 
while  the  coil  is  a  large  open  ring  the  needle  is  relatively 
very  small.  Fig.  120  shows  a  form  of  Tangent  Galva- 
nometer suitable  for  large  currents.  The  coil  of  this  in- 
strument consists  of  a  simple  circle  of  stout  copper  wire 
from  10  to  15  inches  in  diameter.  Other  tangent  gal- 
vanometers have  many  turns  of  fine  wire  wound  upon 
a  large  open  ring.  At  the  centre  is  delicately  suspended 
a  magnetized  steel  needle  not  exceeding  1  inch  in  length, 
and  usually  furnished  with  a  light  index  of  aluminium. 
The  instrument  is  adjusted  by  setting  the  coil  in  the 
magnetic  meridian,  the  small  needle  lying  then  in  the 
plane  of  the  coil. 

The  "  field  "  due  to  a  current  passing  round  the  circle 
is  very  uniform  at  and  near  the  centre,  and  the  lines  of 
force  are  there  truly  normal  to  the  plane  of  the  coil. 
This  is  not  true  of  other  parts  of  the  space  inside  the 
ring,  the  force  being  neither  uniform  nor  normal  in  direc- 
tion, except  centrally  in  the  plane  of  the  coil  atid  along 
the  axis.  The  needle  being  small,  its  poles  are  never 
far  from  the  centre,  and  hence  never  protrude  into  the 
regions  where  the  field  is  irregular. f  Whatever  mag- 
netic force  the  current  in  the  coil  can  exert  on  the  needle 
is  exerted  normally  to  the  plane  of  the  ring,  and  there- 
fore at  right  angles  to  the  magnetic  meridian.  As  the 
two  forces  —  that  due  to  the  current  and  that  due  to  the 
controlling  magnetism  of  the  earth  —  act  squarely  to  one 


*  See  note  on  Ways  of  llockoninff  Anples,  p.  188. 

+  In  order  to  ensure  uniformity  of  field,  Gaugain  proposed  to  hang  the 
needle  at  a  point  on  the  axis  of  the  coil  distant  from  its  centre  by  a  distance 
equal  to  half  the  radius  of  the  coils.  Ilehnholtz's  arrangement  of  two 
parallel  coils,  symmetrically  set  on  either  side  of  the  needle,  is  better ;  and 
a  three  coil  galvanometer,  having  the  central  coil  larger  than  the  others,  so 
that  all  three  may  lie  in  the  surface  of  a  sphere  having  the  small  needle  at 
its  centre,  is  the  best  arrangement  of  all  for  ensuring  that  the  field  at  the 
centre  is  uniform, 
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another,  the  action  of  the  current  will  not  be  mensurad 
by  equal  degruea  inai'keii  out  around  a  circle,  but  will  be 
msiiaured  by  equal  divii^ioua  along  a  tangent  line,  as 
shown  below.  Now,  it  was  proved  in  Art.  137  that 
the  magnetic  foi'ce  which,  iLCting  at  right  angles  to  the 
meridian,  produces  on  a  magnetic  needle  the  deflexion  I 
is  equal  to  the  horizontal  force  of  the  earth's  magnetism 
at  that  place  multiplied  by  the  tangent  of  the  angle  of 
deBexion.  Ilenoe  a  current  Sowing  iu  the  coil  will  turn 
the  needle  aside  through  an  angle  such  that  the  tangent  of 
the  angle  of  ilejlexion  is  proportional  to  the  strength  of  the 


Example.  Sappose  a  certain  battery  gave  n  deflexion  of 
10°  (ID  a  tnngent  galvanomoter,  and  another  bBttery 
yieldinga  stronger  current  gave  a  deflexion  of  30°.  The 
Btiengtlia  cnrrenU  are  not  in  the  prnpottion  of  IB:  30, 
but  in  the  proportion  □[  tan  ln°  to  tna  :iO°.  These 
TalnsB  must  be  obtaiiiod  Ironi  a  talile  of  natnral  Ian- 
gents  like  Hint  given  In  Appendix  A,  from  whi<rh  it  will 
be  seen  iJuit  the  ratio  between  the  strengths  of  the  cur- 
rents Is  -aw^  ■877,  or  abont  10i22. 

Or,  mure  cenerally,  if  ourront  C  produces  deflexion  J,  and 
curretiC  0'  deflexion  l\  then 


C:C  = 


a  table  of  figures,  the  circular 
IS  sometimes  graduated  into 


tangent  values  instead    of    being    divided    into    equal 
degrees   of   arc.     I*t  a  tangent   OT   be   drawn    to   the 


TANGENT  SCALES 


circle,  as  in  Fig.  121,  and  along  this  line  let  any  num- 
ber of  equal  divisiona  be  set  off,  beginning  at  O.  From 
these  paints  draw  back  to  the  centre.  The  circle  mill 
thus  be  divided  into  a,  number  of  pieces,  of  vrhich  those 
near  O  are  nearly  equal,  hut  which  get  smalier  aod 
smaller  away  from  0.  These  unequal  pieces  correspond 
to  equal  increments  of  the  tangent.  If  the  scale  were 
divided  thus,  the  readings  would  be  proportional  to  the 
tangente.  It  is,  however,  harder  to  divide  an  arc  into 
tangent  lines  with  accuracy  than  to  divide  it  into  equal 
degrees ;  hence  this  gradnation,  though  convenient,  is  not 
used  where  great  accuracy  is  needed. 

213.  Absolute  Ueasure  of  Current  by  Tangent  Gal- 
▼anometer.  —  The  strength  of  a  current  may  be  deter- 
mined in  "  absolute  "  units  by  the  aid  of  the  1 
galvanometer  if  the  "constants"  of  the  instrument  a 
fcnowu.  The  tangent  of  the  angle  of  deflexion  repre- 
Benta  (see  Art.  137)  the  ratio  between  the  in^^netic  force 
due  to  tlie  current  and  the  horizontal  component  of  the 
earth's  magnetic  force.  Both  these  forces  act  on  the 
needle,  and  depend  eqaally  upon  the  magnetic  uionient 
of  the  needle,  which,  therefore,  we  need  not  know  for 
this  purpose.  We  know  that  the  force  exerted  by  the 
current  at  centre  of  the  coil  is  proportional  to  the 
horizontal  force  of  the  earth's  m^netism  multiplied 
by  the  tangent  of  the  angle  of  deflexion.  These  two 
quantities  can  be  found  from  the  tables,  and  from  them 
we  calculate  the  absolute  value  of  the  current  as  fol- 
lows:—  Let  r  represent  the  radius  of  the  galvanometer 
coil  (measured  in  centimetres)  ;  its  total  length  (if  of  one 
tarn  only)  is  '2w.  The  distance  from  the  centre  to  all 
parts  of  the  coil  is  of  coui'se  r.  From  our  definition 
of  the  unit  of  atiength  of  current  (Art.  207),  it  follows 
that  C  X  "—■  =  force  (in  dynes)  at  centre, 


Cx^ 


=  H  ■  tan  S 
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henoe 


■  II  ■  tiin  S. 


The  quantity  2  x/r,  or  2  n-«/r  if  the  coil  has  b  turng, 
ia  aoiuetiinea  called  the  "conntaiit"  or  tiie  "  principal 
constant"  of  thi;  galvauonieter  atid  denoted  by  the  sym- 
bol G.  Mence  the  value  of  the  current  in  absolute 
(electromagnetic)  units*  will  be  estpreBsed  as 

C  =  p  .  taji  8. 

The  constant  G  representa  the  strength  of  field  pro- 
duced at  the  centre  of  the  coil  by  unit  current. 

214.  Sine  Galvanometer.  —  The  disadvnuti^  of 
the  tangent  galvauomettir  jiist  descrihed  in  that  it  ia  not 
very  seuBitive,  because  the  ooil  is  necessarily  very  large 
as  couipared  with  tlie  needle,  and  ttierefure  far  away 
from  it.  A  galvanometer  with  a  smaller  coil  or  a  larger 
needle  could  not  be  used  as  a  tangent  galvanometer, 
though  it  would  be  more  sensitive.  Aiii/  sensitive 
galvanometer  in  which  the  needle  is  directed  by  the 
eartli's  magnetism  can,  however,  be  used  as  a  Sine 
Galvanometer,  provided  the  frame  on  which  the  coils 
are  wound  is  capable  of  being  turned  round  a  central 
axis.  When  the  instrument  is  so  constructed,  tlie  fol- 
lowing method  of  measuring  currents  is  adopted.  The 
coiis  are  lirst  set  parallel  to  the  needle  (i.e.  in  the  mag- 
netic meridian);  the  cun'ent  is  then  sent  through  it, 
producing  a  deflexion ;  the  coil  itself  is  rotated  round 
in  the  same  sense,  and,  if  turned  round  through  a  wide 
enough  angle,  will  overtake  the  needle,  which  will  once 
more  lie  parallel  to  the  ooil.  In  this  [losition  two  forces 
are  actmg  on  the  needle :  the  directive  force  of  the  earth's 
m^uetism  acting  along  the  magnetic  meridian,  and  the 
force  due  to  the  current  passing  in  the  coil,  which  tends 
to  thrust  the  poles  of  the  needle  out  at  right  angles ; 


1  which  n-u  uill  "  one  ampert" 
DtlmetreitrAuiiie-iieiiiriid  ayatoQi 


aDdSM)tk 
inly  A  of  0 
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in  fact  thei-e  is  a  "  couple  "  which  exactly  balances  the 
"  couple  "  due  to  terrestrial  magnetiam.  Now  it  was 
shown  in  the  lesson,  oil  the  Laws  of  Magnetic  Force 
(Art.  136)  that  when  a  needle  is  deflected  the  " moment" 
of  the  couple  is  proportional  to  the  sine  of  the  angle  of 
deflexion.  Hence  in  the  sine  galvanometer,  when  the 
coil  has  been  turned  round  so  that  the  needle  once  more 
lies  along  it,  Ike  alrength  of  the  current  in  lite  coil  is  prit- 
portional  to  the  sine  of  the  angle  through  which  the  coil  has 
been  turned.* 

215.  The  Mirror  Galvanometer. —When  a  galva^ 
nometer  of  great  delicacy  is  needed,  the  moving  parts 
must  be  made  very  light  aiid  amall.  To  watcti  the  n[iove- 
meiite  of  a.  very  small  needle  an  inden:  of  some  kind  must 
be  uaed;  indeed,  in  the  tangent  galvanometer  it  is  usual  to 
fasten  to  the  short  stout  needle  a  delicate  stiff  pointer  of 
aluminium.  A  far  better  metliod  is  to  fasten  to  the 
needle  a  very  Ught  mirror  of  silvered  glass,  by  means  of 
which  a  beam  of  light  can  ba  reflected  on  to  a  scale,  so 
that  every  slightest  motion  of  the  needle  is  magnified 
and  made  apparent.  The  mirror  gatmnometen deviaedby 
Sir  W.  Tliurasou  (Lord  Kelvin)  for  signalling  through 
submarine  cables,  are  admirable  examples  of  this  clatis  of 
instniment.  In  Fig.  132  the  general  arrangements  of  this 
instrument  are  shown.  The  body  of  the  galvanometer, 
consisting  of  a  bobbin  on  which  ia  wound  the  coil,  is  sup- 


■  AgBlD  Uie  itudeDt  n-ho  doslrcs  to 
»  «U1  require  tbs  bidp  of  n  labia  o 
leodli  A.  SuppoHO  thnt  with  ourr 
10^  VI  BUffle  or  B  do^ooB;  and  th 
I  had  lo  Iw  turned  ttiroagh  »'  drertm 


Dmpan  the  atrengtb  of  tv 
astunl  Bines,  like  tlut  gl' 
t  C  the  arils  had  to  be  : 
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[  turned.  II  la  pi 
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parted  uii  three  screw  feet  by  which  it  call  be  adjusted* 
The  magnet  conBiHte  of  one  or  more  Hniall  pieces  of  steel 
watch-spring  attached  to  the  back  of  a  light  ci 
vered  glasa  mirror  about  as  large  as  a  threepenny  piece, 
weighing  altogether  only  two  or  three  grains.  This  mir- 
ror ia  hung  liy  a  single  fibre  of  cocoon  silk  within  the 
coil,  and  a,  curved  magnet,  which  serves  to  counteract  the 


luognetisiu  of  the  earth,  or  tu  direct  the  needle,  is  carried 
upon  a  vertical  support  above.  Another  view  of  the  sus- 
pended mirror  and  magnets  is  aliown  in  Fig.  123.  Oppo- 
site the  gtilvaiio meter  is  placed  the  scale.  A  beani  of 
light  hum  a  paraffin  lamp  passes  through  a  iian'ow  aper- 
ture under  the  scale  and  falls  on  the  mirror,  which  I'eflects 
it  back  on  to  the  scale.  The  mirror  is  slightly  concave, 
and  gives  a  well-tleiined  spot  of  light  if  the  scale  is 
adjusted  to  suit  the  focus  of  the  mirror.  The  adjusting 
magnet  enables  the  operator  to  bring  the  reHected  spot  of 
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I  l^lit  to  the  zeru  piiint  at  tlia  iiiiild.li>  of  the  scale.  Tlie 
I  feeblest  current  passing  through  the  galvanometer  will 
se  the  spot  o£  light  to  shift  to  right  or  left.  The  tiny 
ourrent  generated  by  dipping  into  a  drop  of  salt  wat«r 
the  tip  of  a  brass  pin  and  a  steel  needle  (connected  by 
wires  to  the  terminala  of  the  galvanometer)  will  send  the 
spot  of  light  swinging  right  across  the  scale.  If  a  pow- 
erful limelight  is  used,  the  movement  of  the  needle  can 
be  shown  to  a  thousand  persona  at  once.  For  still  more 
,   delicate  work  an  astatic  pair  of  needles  can  be  used,  each 


being  surroimiled  by  its  coil,  and  having  the  mirror  rig- 
idly attached  to  one  of  the  needles.     Such  a  form,  with 
two  bobbins,  womid  so  as  to  be  traversed  by  the  current 
n  of^wsite  senses,  is  represented  diagratnmaticitlly  in  Fig. 
I   124.     Such  an  instrument,  made  with  four  bobbins,  two 
L  In  firont  and  two  behind  the  suspended  needle  system,  and 
I.  baving  on  each  bobbin  about  2  miles  of  a  wire  about 
1  yj^5  inch  in  thickness,  insulated  by  a  coating  of  silk,  is 
[.  capable  of  showing  by  a  deflexion  of  one  division  on  its 
[  scale  an  excessively  rahiute  current,  even  down  to  one 
'   fifty-four  thousand  millionth  part  of  one  ampere. 

216.  Suspended  Coil  Galvanometers.  —  These  have 
been  used  by  Sturgeon  (ISISO),  Varley  (ISIill),  and  others, 
uid  the  principle  was  also  applied  in   Lord  Kelvin's 
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1  Kecorder."  The  best  known  is  that  of  D'ArHon- 
)icted  in  Fig  T'o  Between  tlie  poles  of  a 
CO  p  und  pern  ttelmgnt  f 
Uhpe  pddliy        ythi 

hard-dr  d  pe        il    f 

)  fi  d  I  ght      c- 
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li  Id  IB      ry 
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d  t     tJ 
th  t  by       king  th 
mgnt      ypwrilth        t  t 

bBMmeaveryaenBitive.  Theelftsticity 
of  the  suspending  wires  controls  the 
position  of  the  coil  and  tends  to  hring 
it  bock  to  its  initial  praitiou.  These  . 
galvanometers  are  independent  of  the 
earth's  magnetic  field,  and  are  not 
aifectad  by  maguets  in  their  neigh- 
bourhood, so  that  they  can  be  used 
in  many  places  where  other  galva- 
nometers could  not.  They  are  also 
remarkably  dead-beat.  Some  are 
provided  with  a  pointer  and  a 
horiKoutal  dial ;  others  more  iiHiially 
have  a  mirror  attached  to  the  coit 
to  reflect  a  spot  of  light 

Most  recent  is  the  suspended-coil 
galvanometer  of  Ayrton  and  Mather  (Fig.  120).   Here  the 
fluspended  coil  is  formed  as  an  elongated  loop  with  no 


Fig.  12S. 
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aperture  Itelweeri  itw  Hides.  Consequently  the  polea  of 
the  magnets  may  be  hrouglit  vei'y  close  together;  and 
these  are  made  up  of  a  nuiiibci'  of  flat  steel  magnets  of 
nearly  circular  form  piled  up  ou  one  another.  One  of 
these  instrumecta,  with  mirror  and  scale,  wil!  show  a 
deflexion  of  one  scale  division,  with  a  cm-reut  lesa  than 
one  ninety-millionth  part  of  1  ampere. 

Strong  currents  must  not  he  passed  through  yery  sen- 
aitiTe  galraiiomcters,  for,  even  if  they  are  not  spoiled,  the 
deflexions  of  the  needle  will  be  too  large  to  give  accnrate 
measurements.  In  such  cases  the  galvanotneter  is  used 
with  a  thvnt,  or  coil  of  wire  arranged  bo  that  the  greater 
part  of  the  current  shall  flow  tlirough  it,  and  pass  the  gal- 
vanometer by,  only  a  small  portion  of  the  current  actually 
traversin'g  tlie  coils  of  the  instrument.  The  resistance 
of  the  shunt  must  bear  a  known  ratio  to  the  resistance  of 
the  inatrimieiit,  according  to  the  principle  laid  down  in 
Art.  409  about  branched  circuits. 

317-  Differential  GaWanometer.  —  For  the  purpose 
of  comparing  two  currents  a  galvanometer  is  sometimes 
employed,  in  which  the  coil  consists  of  two  separate  wires 
wound  side  by  side.  U  two  equal  currents  are  sent  in 
opposite  directions  through  these  wires,  the  needle  will 
not  move.  If  the  currents  are,  however,  nnequal,  then 
the  needle  will  be  moved  by  the  stronger  of  them,  with 
an  intensity  corresponding  to  the  difference  of  the 
strengths  of  the  two  currents. 

318.  Ballistic  Galvanometer.^ In  order  to  measure 
the  strength  of  cuirents  which  last  only  a  very  short  time, 
galvanometers  are  employed  in  which  tlie  needle  takes  a 
relatively  long  time  to  swing.  Tliis  is  the  case  with  long 
or  heavy  needles;  or  the  needles  may  be  weigiited  by 
enclosing  them  ui  leaden  cases.  As  the  needle  swings 
slowly  round,  it  adds  up,  as  it  were,  the  varying  impulses 
received  during  the  passage  of  a  transient  eurrent.  The 
tine  of  half  the  angle  of  Ihe  frsl  swing  is  proportional  to  the 
gtMnlily  of  electricity  thai  has  Jluwed  through  the  coil.    The 
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charge  of  a  condenser  may  thus  be  nieaaured  by  discharg- 
ing' it  through  a  balliBtic  galvanometer  (see  Art.  4186). 
The  needle  must  not  he  ilani[)e(l. 

219.  HBthods  of  Damping :  Aperiodic  Galvano- 
meters.^To  prevent  the  nepdle  from  swinging  to  and 
fro  for  u  long  time  devices  are  used  to  damp  the  motion. 
These  are :  — 

(a)  Air  Damping,  —  A  light  vane  attached  to  needle 
beats  against  the  air  and  damps  the  motion.  In  mirror 
inBtrumeiits  the  mirror  itself  damps,  particularly  if  con- 
fined ill  a  narrow  chamber. 

(ft)    Oil  Daviping A  rane  dips  into  oil. 

(c)  Magnetic  Damping. —  If  the  needle  swing?  close 
to  or  inside  a  mass  of  copper,  it  will  soon  come  to  rest  by 
reaJion  of  the  eddy-currenta  (Art.  457)  indueetf  in  the 
copper.  Eddy-currents  damp  the  motion  of  the  suspended 
coil  in  instruments  of  that  class. 

The  period  of  swing  can  be  reduced  by  diminiahing 
the  weight  and  leverage  of  the  irioviiig  parts  so  as  to 
lesBen  tlieir  niumerit  of  inertia.  It  can  also  be  lessened 
(at  the  expense  of  the  sensitiveness  of  the  instrument) 
by  increaauig  the  controlling  forces.  An  instrument  so 
well  damped  as  to  eome  to  rest  without  getting  up  a 
periodic  swing  is  called  an  nperiodic  or  ikail-beat  instru- 

120.   Voltmeters,  or  Potential  Galvanometers.  —  If  any 

galvanometer  be  eoustructed  with  a  very  long  thin  wire 
of  high  resistance  as  its  coil,  very  little  current  will  flow 
through  it,  but  what  little  current  flows  will  be  exactly 
proportional  to  the  potential  difference  that  may  be 
applied  to  the  two  ends  of  its  circuit.  Such  a  galvano- 
meter, suitably  provided  with  a  scale,  will  indicate  the 
number  of  rolls  lietween  ita  terminals.  Many  forms  of 
voltmeter^alvano meters  exist,  but  they  all  agree  in  the 
essential  of  having  a  coil  of  a  high  resistance  —  sometimes 
several  thoui^and  ohms.  The  suspended-coil  galvano- 
meters described  in  Art  21S  make  eiicollent  voUmetera. 


AMPEREMETERS 


Weston's  yoltmeter,  largely  used  in  America,  is  of  this 
class,  the  coil  being  delicately  pivoted,  and  controlled  by 
a  spiral  spring.  Any  sensitive  mirror  galvanometer  can 
be  used  as  a  voltmeter  by  simply  adding  externally  to  its 
circuit  a  resistance  sufficiently  great.  There  are  also 
other  voltmeters  that  depend  on  electrostatic  actions 
they  are  a  species  of  eleclromeler  and  are  described  in  Art 
290.  Cardew'B  voltmeter  (see  Art  4iO)  differs  from  the 
above  class  of  instrument,  and  con'iists  of  a  long  thin 
platinum  wire  of  high  resistance,  which  expands  by  heat- 
ing when  it  is  connected  across  a  circuit  VU  voltmeters 
are  placed  as  shunts  across  between  the  two  points  the 
potential  difference  of  which  is  to  be  measured  They 
are  never  joined  up  in  circuit  as  amperemeters  are 

221.  Amperemeters,  or  Ammeters  —  A  galvanometer 
graduated  so  that  its  index  reads  directly  on  the  scale 
the  number  of  amperes  (Art.  207) 
flowing  through  the  coil  is  called  an 
Amperemeter.  Such  instruments  were 
introduced  in  form  for  industrial  usp 
in  1379  by  Ayrton  and  Perry.  Many 
other  forms  were  subsequently  in 
vented.  In  Ayrton  and  Ferry's  in 
struments  (Fig.  127),  which  aie 
portable  and  "  dead-beat  "  in  action 
the  needle,  which  is  oval  in  shape  is 
placed  between  the  poles  of  a  powei 
ful  permanent  magnet  to  control  its  '         ' 

direction  and  make  it  independent 

of  the  earth's  magnetism.  By  a  peculiar  shaping  of  the 
pole-pieces,  needle,  and  coils,  the  angular  deflexions  are 
proportional  to  the  strength  o£  the  deflecting  current. 
These  amperemeters  are  made  with  short  coils  of  very 
low  resistance  and  few  turns  of  wire.  Ayrton  and  Perry 
also  arranged  voltmeters  (Ai't.  220)  in  a  similar  form,  but 
with  long  coils  of  high  resistance. 

Among  the   innumerable  forms   of   amperemeter  in 
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e  tbere  are  a  uuniber  in  which  there  is  iiBiUier 
magnet  nor  iron,  but  which  depend  upon  the  mutual 
force  between  a  fixed  and  a  movable  coil  traversed  by 
the  curreot.  These  are  dealt  with  in 
Art.  394,  and  &re  suitable  for  alternate 
ouiTents  as  well  aa  oontiuuoua  currents. 
Of  this  kind  are  Siemens'  electrodjua- 
nionicter  and  the  Kelvin  balances. 

Other  inatrumeiita  depend  upon  the 
magnetic  properties  of -iron  under  the 
inJlueiiGB  of  the  current.  Of  this  class 
are  the  Schuckert  instruments  repre- 
sented in  Fig.  123.  An  index  pivoted 
in  the  axis  of  an  open  coil  carries  a  light  strip  of  soft 
iron  seen  endways  at  B.  Another  strip  A  is  fixed  within 
the  coil.  The  current  flowing  round  the  coil  magnetizes 
these  strips  and  they  repel  one  another.  Gravity  is  here 
the  controllhig  force. 


Fig.  1!S, 
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329.  Faraday's  Discovery.  — In  1331  Fornday  dis- 
covered that  currents  can  be  induced  in  n  closed  circuit 
by  moving  iiiagiieta  near  it,  or  by  moving  the  circuit 
across  the  matpietic  field ;  and  he  followed  up  this  dis- 
covery by  finding  that  a  current  whose  strength  is  chang- 
ing may  induce  a  secondary  current  in  a  closed  circuit 
near  it.  Such  ciuTenta,  whether  generated  by  magnets 
or  by  other  currents,  are  known  as  Induction  Cuirenta. 
And  the  action  of  a  magnet  or  cuiTeiit  in  producing 
such  induced  currents  is  termed  electromagQetic  (or 
niagueto-eleetric)  induction,*  or  simply  induction.    Upon 


i  of  one  eharge  at  iilwldclQ' 
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this  principle  are  baseil  the  modern  dynamo  machines 
for  geiieratiiig  electric  currents  mechanically,  as  well  as 
induction  coils,  alleruate-current  Iransfurmen,  and  other 
appliances, 

223.  Induction  of  Cnrtenta  by  Magnets. — If  a  coil 
of  insulated  wire  be  connected  in  circuit  with  a  suffi- 
aieiitly  delicate  galvanometer,  and  a  magnet  be  insert^itl 
rapidly  into  the  hollow  of  the  coil  (as  in  Fig.  120),  a 
momentfti'y  current  is  obnerved 
to  flow  round  tlie  circuit  while 
the  magnet  is  being  moved 
into  tke  coil.  So  long  as  the 
magnet  lies  motionless  in  the 
coil  it  induces  no  currents. 
But  if  it  be  rapidly  pulled  out 
of  the  coi!  another  moinentary 
eutrent  will  be  obsened  to 
flow,  aJid  in  the  opposite 
direction  to  the  former  The 
induced  current  caused  1 
inserting   the    magnet    : 


rtnf,   < 


*^^^Mi^-^ 


opposite    direction    to 

which  would   magnetize    the  *'*>  '  ^ 

magnet  witli  its  existing  polaiity     The  induced  current 

caused  by  withdrawing  the  magnet  is  a  direct  current 

Precisely  the  same  effect  is  produced  if  the  coll  ho 
moved  towards  the  magnet  as  if  the  magnet  were  moved 
toward  the  coil.  The  more  rapid  the  motion  is,  the 
stronger  are  the  induced  currents 

The  magnet  does  not  ojow  any  ■weaker  by  being  so 
used,  for  the  real  source  of  the  electrical  energy  generated 
is  the  mechanical  energy  spent  in  the  motion 
fWnn  Ih«  moBon  of  mufnola  wiu  torropd  magneto^iecincay.    For  moat 
purpoHH  (ho  D4}Mtlvcii  fna^nefd-eZecfr^o  And  AfA^ro-mOfTnef^  ore  synoDy- 

from  BloctricLty,  are,  It  li  tme,  two  distinct  i^ppratioiia ;  but  bolli  ira 
tMdndsd  In  tlw  bnuoh  of  wdenoa  denamlDiiliid  BUetromaBattici. 
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If  the  circuit  is  not  clos^  no  curreats  are  produced  ; 
but  the  relative  motion  of  coit  and  magiiet  will  still  set 
np  electromotive-foreea,  lending  to  produce  ourrentB. 

Faraday  diacorered  these  effects  to  be  connected  with 
the  magnetic  field  surrounding  the  magnet.  He  showed 
that  no  eSeci  mis  produced  unless  the  circuit  cut  across 
the  invisible  nia),'uetic  lilies  of  the  maguet. 

224.  Induction  of  Currents  by  Currents Faraday 

also  showed  that  the  upproaeh  or  recession  of  a  current 
might  induce  a  curreut  in  a  closed  cin^uit  near  it.  This 
may  be  conveuiently  shown  as  an  experiment  by  the 
apparatus  of  Fig.  130. 

A  coil  of  insulated  wire  P  is  comieoted  in  circuit  with 
a  battery  1!  of  two  or  three  cells,  aud  a  key  K  to  turn  the 


current  on  or  off.  A  second  coil  S,  entirely  unconnected 
with  the  first,  is  joined  up  with  wu-ea  to  a  sensitive  gal- 
vanometer G.  We  know  (Art.  202)  that  a  coil  of  wire 
ill  which  a  current  is  circulating  acts  like  a  magnet. 
And  we  find  that  if  while  the  current  is  flowing  in  P, 
the  coil  is  suddenly  moved  up  toward  S,  a  momentary 
current  will  be  induced  in  6.  If  P  is  suddenly  moved 
away  from  S  another  momentary  current  will  be  observed 
in  the  second  circuit.  The  first  of  these  two  momentary 
currents  is  an  "inverse"  one,  while  the  second  one  is 
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found  to  be  a  "  direct "  one  (i.e.  one  which  runs  the  same 
way  round  the  coil  S  as  the  battery  current  runs  round 
the  coil  P).  The  coil  P  is  called  the  primary  coil,  and 
the  current  in  it  the  primary  current.  The  other  coil  S 
is  called  the  secondary  coil,  and  the  momentary  currents 
induced  in  it  are  sometimes  called  secondary  currents. 

Let  P  now  be  placed  close  to  S,  no  current  flowing 
in  either  coil.  Then  on  pressing  the  key  K  to  turn  on 
the  primary  current,  it  will  be  noticed  that  during  the 
moment  while  the  current  in  P  is  growing  there  will 
be  a  transient  inverse  current  in  S.  The  effect  of  turn- 
ing on  the  current  is  just  as  if  the  current  had  been 
turned  on  while  P  was  far  away  and  then  P  suddenly 
brought  up  to  S.  Breaking  the  battery  circuit  while  the 
primary  coil  lies  close  to  the  secondary  coil  produces  the 
same  effect  as  if  the  primary  coil  were  suddenly  removed 
to  an  infinite  distance.  Making  the  battery  circuit  while 
the  primary  coil  lies  close  to  the  secondary  produces  the 
same  effect  as  bringing  it  up  suddenly  from  a  distance. 

So  long  as  a  steady  current  traverses  the  primary  cir- 
cuit there  are  no  induced  currents  in  the  secondary  circuit, 
unless  there  is  relative  motion  between  the  two  circuits; 
but  moving  the  secondary  circuit  towards  the  primary 
has  just  the  same  effect  as  moving  the  primary  circuit 
towards  the  secondary,  and  vice  versa. 

We  may  tabulate  these  results  as  follows :  — 


By 

means 
of 

Momentary  Inverse 

currents  are  induced 

in  the  secondary  circuit 

Momentary  Direct 

currents  are  induced 

in  the  secondary  circuit 

Magnet 

while  approaching. 

while  receding. 

Current 

while  approachingy 

or  hefjinnlng, 

or  increasing  in  strength. 

while  receding, 

or  ending f 

or  decreasing  in  strength. 
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225.  FuDdamental  Lawa  of  Inductioii. — When  we 

reflect   that  every  circuit   traversed  by  a,  current  has  a 

nu^etic  field  of  its  own  in  which  there  are  magnetic  Itnea 

running  through  the  cu'ouit  (Arts.  202  and  389),  we  shall 

see  that  the  fouts  tabulated  in  the  preoediiig  paragraph 

may  be  suRimetl  up  in  the  following  fundamental  laws :  — 

(i.)   A  decrease  in  the  number  of  lines  wkick  pasiAroagk 

a   circuit  induces  a  current  round  fAe  circuit  in 

the   positive    direction  (i.e.  produces  a  "direct" 

current);  white  an  increate  in  the  numler  of  linet 

which  pass  through  the  circuit  induces  a  current 

in  the  negative  direction  round  the  circuit  (i.e.  on 

"  inverse  "  current). 

Here  we  suppose  the  positive  direction  along  lines  to 

be  the  direction  along  which  a  free  N  pole  would  tend  to 

move,    and    the   positive   direction   of   the   current  that 

which   the  current  niuat  flow  to  increase  the  magnetic 

flux.    Compare  the  "corkscrew  "  rule  given  on  p.  183. 

(ii.)    The  total  induced  electromotive-force  acting  round 

a  closed  circuit  is  equal  to  the  rate  of  decrease  in 

the  number  of  lines  which  pass  through  the  eircnil. 

Suppose  at  first  the  number  of  magnetic  lines  (Art. 

110)  pacing  through  the  circuit  to  bo  N,,  and  that  after 

a  very  short  interval  of  time  (  the  number  becomes  N^ 

the  average  induced  electromotive-force  E  is 


By  Ohm's  1 
therefore 


If  Nj  is  greater  than  N,,  and  there  is  a 
number  of  hues,  then  Nj  -  N^  will  be  a  negative  quantity, 
and  C  will  have  a  negative  sign,  showing  that  the  E.M.P. 
is  an  inverse  one.  A  coil  of  50  turns  of  wire  cutting 
lOOO  lines  will  produce  the  same  effect   as  a  coil  of  5 
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tnmB  cutting  10,000  lines,  or  of   1  turn  cutting  50,000 
lines. 

To  induce  an  electromotive-force  equal  to  that  of  a. 
single  Daniell's  cell  would  require  tiiat  110,000,000  lines 
ahould  be  out  in  one  aecond.  As  such  large  nuuibera 
sre  iuoonveiiient  to  express  the  facts,  the  unit  of  E.M.F., 
the  volt,  has  beea  chosen  to  coirespoud  to  the  cutting  of 
100,000,000  lines  per  second. 

Example,  —  Suppose  tJie  number  of  magnetic  liues  to  dimin- 
ish frem  BOO.DOO  to  0  in  the  A  □(  a  secuni] ,  the  rate  uf 
diminutiou  In  40,000,000  liucx  per  aecoud.      And   since 
1  volt  Is  taken  an  ID'  lines  pec  second,  the  average  in- 
duced B.M.F.  during  that  time  wUl  bo  0'4  vult. 
A  reference  to  Fig.  176  will  make  this  important  law 
clearer.     Soppona  ABCD  to  be  a  wire  circuit  of  which  the 
piece  AB  can  slide  along  DA  and  CB  towards  S  and  T. 
Let  the  vertical  arrows  represent  vertical  lines  of  force  in 
a  uniform  magnetic  field,  and  show  (as  is  the  case  with 
the  vertical  components  of  the  earth's  lines  of  force  in  the 
northern  hemisphere)  the  direction  in  which  a  N-pointiiig 
pole  would  move  if  free.    The  positive  direction  of  these 
magnetic  lines  is  therefore  vertically  dowiiwai'ds  through 
the  circuit.    Now  If  AB  slide  towards  ST  with  a  uniform 
velocity  it  will  cut  a  certain  number  of  lilies  every  second, 
and  a  certain  number  will  be  added  during  every  second 
of  time  to  the  total  number  passing  through  the  circuit. 
If  N,  be  the  number  at  the  beginning,  and  Nj  that  at 
the  end  o£  a  circuit,  Nj— N„  will  be  a  negative  quantity, 
and  there  will  be  generated  an  electromotive-force  whose 
direction  through  the  sliding  piece  is  from  A  towards  B. 
It  is  important  to  note  that  all  these  inductive  opera- 
tions are  really  magnetic.    In  the  experiment  with  the 
two  coils  P  and  S  it  is  the  magnetic  lines  of  coil  F  which 
pass  through  coil  S  and  set  up  the  induced  E.M.F.    This 
is  proved  by  the  following  further  experiment.    Take  a 
bar  of  iron — a  poker,  or  better  still,  a  bundle  of  iron 
wires  —  and  lay  it  along  the  dotted  tine  so  that  its  ends 
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pass  tlirough  P  and  8.  It  will  by  its  great  mi^netia  per- 
meability help  to  conduct  the  magnetic  lines  from  P 
through  S.  And  when  it  is  so  placed  it  will  be  found 
greatly  to  intensify  the  actions.  In  fact  if  P  is  many 
inches  away  from  8,  and  the  iron  core  ia  present,  the 
inductive  effects  of  turniog  the  current  on  and  off  may 
he  as  great  as  if,  in  the  ab^nce  of  the  core,  F  were 
pushed  up  close  to  B. 

223.   Direction  of  Induced  E.H.F.  —  It  is  convenient 
to   have    rules   for   remembering  the  relations  in  direc- 
tion  between    Ihe    miignetiam,  the   motion,  and  the  in- 
duced    electromotive  -force. 
'  Of  such  rules  the  following, 

due  to  Fleming,  is  most  use- 
ful :  Let  the  forefinger  of  Ike 
^-yX  righthand  (Fig.  IS\)  point  in 
the  direction  af  the  maffnetie 
lines;  then  tarn  the  thumb  in 
the  direction  of  the  malion ;  the 
middle  finger  bent  at  right 
angleg  to  hoik  thumb  and  fore- 
finger will  thorn  the  direction  of 
KIk,  131,  the  induced  E.M.F. 

Another  often  giveu  is  an 
adaptation  of  Ampfere's  rule  ;  Suppoie  a  figure  smiminirtg 
in  any  conductor  to  turn  so  as  to  look  along  the  (positive 
direction  oftkt)  lines,  then  if  he  and  the  conductor  be  moved 
towards  hit  right  hand  he  mill  be  smmming  with  the  current 
induced  by  this  motion;  if  he  be  moved  towards  his  left 
hand,  tlie  current  will  lie  against  him. 

227.  Faraday's  Obk  Uachine. — Faraday  constructed 
several  magneto-electric  machines,  one  of  them  consist- 
ing of  a  copper  disk  (Fig.  132)  which  he  rotated  between 
the  poles  of  a  steel  magnet.  The  current  flowed  from 
shaft  to  rim  or  nice  ver>3,  according  to  the  sense  of 
the  rotation.  It  was  conducted  away  hy  wires  having 
sliding   contacts.     In  other  machines   copper   wire   coils 
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diietion  piiueipli 
macliinei         (L( 
XLII  )      In  ill 
power  nrnst  be  em 
ployed    to    produce 
the    motion       They 
aii3  all  contrn  anci'^ 
for    converting    me 
ciianical  energy  into 
eleetricil  eneigv 

SQ8  Faraday  s 
fimg.  Principle 
of  Tranaformation. — 
Amongst  Faraday's 
earliest  experiments  he  took  an  icon  ring  about  8  inches 
in  diameter  (Fig.  133)  and  wound  ujwn  it  two  insulated 
coils  of  wire  P  and  S,  each  of  many  tums.  If  coil  P 
was  connected  to  a  battery  circuit,  and  coil  S  to  a 
galvanometer,  he  fonnd  that  whenever  a  current  was 
turned  on  or  off  in  coil 
P,  secondary  curi-ents 
were  generated  in  coil  S. 
In  fact  the  currents  in 
P  magnetized  the  iron 
ring,  and  the  magnetic 
lines  created  hy  P passed 
through  S,  setting  up 
rig.  133.  induction  currents.    If 

S  is  used  as  the  primary 
then  P  will  work  aa  secondary;  in  fact  the  induction  be- 
tween P  and  S  is  tnutuat.  The  Faraday  ring,  with  its  two 
coils  wound  upon  a  closed  circuit  of  iron,  may  be  regarded 
as  the  very  type  of  all  transformers  or  induction  coil). 
Faraday  also  employed  soma  induction-coils  in  which 
the  two  coils  A  and  B  (Fig.  134)  were  wound  cylindri- 
cally  outside  one  another  upon  a  straight  core  C  of  iron. 
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In  all  traodformera  the  electroinotive-forceB  generated 

ill  the  secoudary  circuit  are  to  those  employed  in  the 

.  primary  circuit,  nearly  in  the  aame 

1  ■^  proportion  as  the  relative  uuiubecs  of 

J  /  turns  in  the  two  coils.     For  example, 

\__l_lll^^        if  the  primai-y  coil  has  100  turns  aud 

^mmmmaC    ^^-^  Becoidury  has  2500  turns,  the 

^^^^^BtT        ele  tro    otive-force  iu  the  secondary 

I  J  cu  t    will    be    nearly   twenty-five 

B  **       t     es  as  great  as  that  used  in  t]ie 

Fig,  IM.  p       I  i       By  choosing  the  proper 

number  of   turns    the  elect     luatlve-fui'uu  can  be  trans- 

furniud  uitliur  up  oi  down. 

229.  The  Induction  Cotl.  —  In  order  to  general* 
enormously  high  elee  tro  motive-forces  which  shall  be  able 
to  send  sparks  across  air  spaces  that  ordinary  batteries 
working  at  under  100  volts  could  not  possibly  pierce, 
advantage  is  taken  o£  the  transformer  principle.  To  pro- 
duce apnrk  discharges  there  is  used  the  apparatus  depicted 
m  Fig.  135,  as  improved  by  Callan,  Sturgeon,  Kuhmkorff, 
and  others,  and  termed  the  Induction  Coil  or  Inductorium. 
The  induction  cod  consists  of  a  cylindrical  bobbin  hav- 
iag  a  central  iron  core  surrounded  by  a  short  inner  or 
"primary"  coil  of  stout  wire,  and  by  an  outer  "second- 
ary "  coil  consisting  of  many  thousand  turns  of  very  fine 
wire,  very  carefully  insulated  between  its  different  parts. 
The  primary  circuit  is  joined  to  the  terminals  of  a  few 
powerful  Grove's  or  Bunsen's  cells,  and  in  it  are  also 
included  an  iiiteiTupter  and  a  commutator  or  key.  The 
object  of  tlie  interrupter,  is  to  make  and  break  the 
primary  circuit  in  rapid  snccesaioii.  The  residt  of  this 
is  at  every  "  make  "  to  induce  in  the  outer  "  secondary  " 
circuit  a  momentary  inverse  current,  and  at  every 
"break"  a  powerful  momentary  direct  current.  As 
the  number  of  magnetic  lines  created  and  destroyed  at 
eacli  "  make  "  aiid  "  break  "  is  the  same,  the  two  electro- 
motive impulses  are  equal ;  but  by  the  use  of  a  condenser 
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the  current  at  "  make  "  is  caused  to  take  a  considerable 
fraction  of  time  to  grow,  wliilat  at  "break"  the  cessation 
is  instantaneous.  The  rate  of  cutting  of  Ibe  magnetic 
lines  is  therefore  much  greater  at  "break"  than  at 
"make,"  The  induced  eloctromotive-forceB  at  "make" 
last  longer,  but  are  feebler,  and  do  not  suffice  to  send 
sparks.  The  currents  at  "break"  manifest  themselves 
as  a  brilliant  torrent  of  sparks  between  the  ends  of  the 


seoondary  wires  when  brought  near  enough  together. 
The  primary  coil  is  made  of  stout  wire,  that  it  may 
carry  Strang  magnetizing  currents,  and  consists  of  few 
turns  to  keep  the  resistance  low,  atid  to  avoid  self-induc- 
tion of  the  primary  current  on  itself.  The  central  iron 
core  is  for  the  purpose  of  increasing,  by  its  great  mag- 
netic permeability,  the  number  of  hues  of  force  that  pass 
through  the  coiis :  it  is  usually  made  of  a  bundle  of  fine 
'  fes  to  avoid  the  inducetl  currents  wliicli  if  it  were  a 
solid  bar  would  be  set  circulating  in  it,  and  which  would 
letftrd  its  rapidity  of  luaguetization  or  demagnetization. 
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The  secondary  coil  is  made  with  many  turns,  in  order 
that  the  coefficient  of  transformation  may  be  large;  and 
as  the  induced  electromotive-force  will  be  thousands  of 
volts,  the  resistance  of  thia  coil  will  be  immaterial,  and  it 
may  be  made  of  the  thinnest  wire  that  can  conveniently 
be  wound.  In  Mr.  Spottiswoode's  giant  Induction  Coil 
(which  yields  a  spark  of  42J  inches'  length  in  air,  when 
worked  with  30  Grove's  cells),  the  secondary  ooi!  contains 
280  inilea  of  wire,  wound  in  340,000  turns,  and  has  a 
resistance  of  over  100,000  ohms. 

The  iaterrupters  of  induction  coils  are  usually  self- 
acting.  That  of  Foucanlt,  shown  with  the  coil  in  Fig. 
135,  consists  of  an  arm  of  brass  L,  which  dips  a  platinum 
wire  into  a  cup  of  mercury  M,  from  which  it  draws  the 
point  out,  so  breaking  circuit,  in  consequence  of  its  other 
end  being  attracted  toward  the  core  of  the  coil  whenever  it 
is  magnetized;  the  arm  being  drawn  back  again  by  a  spring 
when,  on  the  breaking  of  the  circuit,  the  core  ceases  to  be 
a  magnet.  A  more  common  interrupter  on  small  coils  is 
a  "  break,"  consisting  of  a  piece  of  thin  steel  which  makes 
ODutactwith  a  platinum  point,  and  which  isdrawn  back  by 
the  attraction  of  the  core  on  the  passing  of  a  current ;  and 
so  makes  and  breaks  circuit  by  vibrating  backwards  and 
forwards  just  as  does  the  hammer  of  an  ordinary  electric 
bell. 

Associated  with  the  primary  circuit  of  a  coil  ia  usually 
a  small  conrienser  (see  Art  303),  made  of  alternate  layers 
of  tinfoil  and  paraffined  paper,  into  which  the  current 
flows  whenever  circuit  is  broken.  The  effect  of  the  con- 
denser is,  oa  stated  above,  to  suppress  tlie  "  inverse " 
current  at  "make"  and  to  increase  greatly  the  direct 
electromotive-force  at  "  break."  The  sparks  are  longer, 
and  only  pass  one  way.  Tlie  condenser  does  this  by  the 
action  known  as  electric  resonance  (see  Art.  517). 

230-  Huhmkorfl's  Reveraer.  —  In  order  to  cut  off  or 
reverse  tlie  directioo  of  the  buttery  current  at  will, 
Euhmkorfl    applied    the    current-re verser,    or    reversing- 
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switch  (  Lomimitator  )  shown  m  Fig  1J6  In  this 
matiumeat  tho  battery  polsH  are  connected  through  tha 
ends  of  the  axis  of  a  amall  ivory  or  ebonite  cjbnder  to 
two  cheeks  of  brass  \  and  \  which  can  be  turned  so  as 
to  place  them  either  way  m  coi  tact  with  two  vertical 
8pnnt,s  B  and  C  whjoh  are  joined  to  the  ends  of  the 
pnniiry  coil  Many  othei  forms  of  reversing  switch 
h-ive  been  devised  one  much  used  as  a  key  for  tale- 
graphie  sigi  all  ng  is  dnivm  in  Fig  271 


231.  Luminous  Effects  cf  Induction  Sparks.  —  The 
induction  coil  fiiini^lK';  ll  iLipiii  succession  of  sparks 
with  which  all  the  effects  of  disruptive  discharge  may 
be  studied.  These  sjiai-ks  differ  only  in  degree  from 
those  furnished  by  friction  machines  and  by  Leyden 
jars  (see  I.,esson  XJQV.  on  Pheiioraena  of  Discharge). 

For  studying  discharge  through  glass  vessels  and  tubes 
from  which  the  air  haa  been  partinlly  exiiausted,  tlie  coil 
is  Tery  useful.  Fig.  137  illustrates  one  uf  the  many 
beautiful  effects  which  can  be  obtained,  the  spark  ex- 
panding in  tlie  rarefied  gas  into  fliekeriug  sheets  of 
light,  exhibiting  stritc  anU  other  pheu 


r 
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232.   Induction  Cunen 
tt  is  easy  to  obtain  indue 

Fig.  m. 

coil  acts  tharefore  as  a  m' 
deflexions  the  first  swing 
approximation  instead  of 
Art.  418J. 

tB  from  Eartli'e  Magnetism.—         ^H 
ed  currents  from  the  earth's         ^^M 
magnetiam.     A  coil  of  fine          ^^M 
wire   joined   io   a   sensitive          ^^M 
galvanometer,     when     sud-          ^^M 
deiily     inverted,    cuts    tiie         ^^M 
lines  of  the  earth's  magne-        ^^M 
tism,  and  ioduces  a  current         ^^M 
Faraday,  indeed,  applied          ^^H 

the  direction  and  number  of         ^^M 
magnetic  lines.     If  a  small         ^^M 
wire  coil  ho  joined  in  circuit            ^H 
with  a  suitable  galvanometer            ^H 
having  a  heav;  [leedle,  and           ^H 
the  little  coil  be  suddenly         ^M 
invei-ted  while  in  a  magnetio         ^^M 
field,  it  will  cut  twice  all  the        ^H 
lines  that  pass  through  its         ^H 
own  area,  and   the   sine   of         ^^M 
halt  the  angle  of   the  first          ^H 
swing  (Art.  418)  will  bepro-         ^H 
portional  to  the  number  of        ^^M 
1           ut     f     w  th  a  alow-        ^H 
ng    needle     the    total        ^M 
q  ant  ty  of  ele  t  icity  that        ^H 
fl  w    th  ough  th    coils  will        ^H 

I  th       t  giBl  whole  of  all        ^H 

II  pa  at    q     ntities  con-         ^H 
3  d  by  the    niuced  cur-        ^^M 

rents,  strong  or  wealc,  which        ^^M 
flow  round  the  circuit  during       ^^| 
ithelmes.    The  little  exploring        ^H 
igiielic  proof-plane.     For  small        ^^H 
may  be  taken  as  a  sufficient         ^^M 
the  sine  of  half  the  angle  (see         ^^M 
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If  the  circuit  be  moved  paraUel  to  itself  across  a  uni- 
form magnetic  field  there  will  be  no  inductiou  currents, 
for  juBt  aa  many  m^netic  lines  will  be  cut  in  moving 
fthead  in  front  as  are  ]eft  behind.     There  will  be  no  cur- 

I  rent  in  a  wire  moved  parallel  to  itself  aJoug  a,  line  of 

force;   nor,  if  it  lie  along  such  a.  line  while  a  current  is 

sent  through  it,  will  it  experience  any  mechanical  force. 

333.   Earth  Currents.  —  The  variations  of  the  earth's 

.  magnetism,  mentioned  in  Lesson  XII,,  alter  the  number 
of  magnetic  lines  which  pass  through  the  telegraphic  eir- 

.  cults,  and  hence  induce  in  them  disturbances  which  are 
known  as  "  earth  currents."  During  magnetic  storms 
the  earth  currents  on  the  British  lines  of  telegi-aph  have 
been  known  to  attain  a  strength  of  40  niilliamperes, 
which  is  stronger  than  the  usual  working  currents. 
Feeble  earth  cnrrenta  are  obsei-ved  every  day,  and  are 
more  or  less  periodic  in  character. 

Lesson  XlX.  —  Chsmicat  Aelions  nf  Currentu 

234.  Conducting  Properties  of  Liquids.  —  In  addition 
to  the  chemical  actions  inside  the  cells  of  the  battery, 
which  always  accompany  the  production  of  a  current, 
there  are  also  chemical  actions  produced  outside  the 
battery  when  the  current  is  caused  to  pass  through  cer- 
tain liquids.  Liquids  may  be  divided  into  three  classes 
—  (1)  those  johkk  do  not  cmultel  at  all,  such  as  turpentine 
sod  many  oils,  particularly  petroleum;  (2)  ihme  which 
eoniiucl  wirtouf  decomposilion,  viz.  mercury  and  other  mol- 
ten metals,  which  conduct  just  as  solid  metals  do ;  (3) 
thaie   which  ire  ilecomposfJ  when  they  comliict   a   current, 

i.  the  dilute  acids,  solutions  of  metallic  salts,  and  cer- 
tain  fused  solid  compounds. 

235.  Decomposition  of  Water.  — In  the  year  1800 
I  Coirlisle  and  Nicholson  discovered  that  the  voltaic  ciir- 
f  rent  could  be  pawed  through  water,  and  that  in  passing 
I  through  it  decumpoaed  a  portion  of  the  liquid  into  its 
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conatituejit  gaaaa.  ThesB  gaaea  appeared  in  bubbles  ou 
the  ends  of  the  wires  which  led  the  cun'ent  iuto  and  out 
of  the  liquid ;  bubbles  of  oxygKn  gaa  appearing  at  the 
point  where  the  cun'eut  entered  the  liquid,  aiid  hylrogen 
bubbles  where  it  left  the  liquid.  It  was  soon  found  that 
a.  great  many  other  liquidt),  particularly  dilute  acids  and 
solutions  of  metallic  salts,  could  be  similarly  decomposed 
by  passing  a  current  through  them. 

236.  Slectrolysla.  —  To  tbis  process  of  decompoauig 
a  liquid  by  means  of  an  electric  current  Faraday  gave 
the  name  of  electrolysis  (i.e.  electric  analysis) ;  and  those 
substances  which  are  capable  of  being  thus  decomposed 
or  "electrolysed  "  he  termed  electrolytes. 

The  eoda  of  the  wires  leading  from  aud  to  the  battery 
ai'e  called  electrodes',  and  to  disluiguish  them,  that  liy 
which  the  current  etiters  ia  called  the  anode,  that  by 
which  it  leaves  the  kathode.  The  vessel  in  which  a, 
liqidd  is  placed  tor  electrolysis  is  termed  an  cUctrolylic 
cell. 

237,  Electrolyaia  of  Water. ^Returning  to  the  de- 
composition of  water,  we  may  remark  that  perfectly 
pure  water  appears  not  to  condnct,  but  its  resistance  lit 
greatly  reduced  by  the  addition  of  a  few  drops  of  sul- 
phuric or  of  hydrocliioric  acid.  The  apparatus  showu  in 
Fig.  138  is  suitable  for  this  purpose.  Here  a  battery  of 
two  cells  (those  shown  are  circular  Bunsen's  cells)  is  seen 
with  its  poles  connected  to  two  strips  of  metallic  platinum 
as  electrodes,  which  project  np  into  a  vessel  containing 
tbe  acidulated  water.  Two  tubes  closed  at  one  end, 
which  have  been  previously  filled  with  water  and  in- 
verted, receive  the  gases  evolved  at  the  electrodes. 
Platinum  is  preferred  to  other  metals  such  aa  copper  or 
iron  for  electrodes,  since  it  is  less  oxtdizable  and  resists 
every  acid.  It  is  found  that  there  is  almost  exactly  twice 
as  ranch  hydrogen  gna  (by  volume)  evolved  at  the  kathode 
as  there  is  of  oxygen  at  the  anode.  This  fact  corresponds 
with  the  known  chemical  composition  of  water,  which  is 
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produued  by  combinitig  together  these  two  gases  in  the 
proportiou  of  two  volumes  of  the  former  to  one  of  the 
latter.  The  proportions  of  gases  evolved,  however,  ai-e 
not  exactly  two  to  one,  for  at  first  a  very  sniall  quantity 
of  the  hydrogcTi  is  absorbed  or  "  occluded  "  by  the  plati- 
num surface,  wliile  a  more  considerable  proportion  of  the 
orygen— about  1  per  cent— is  given  oft  in  the  denser 


allotropic  form  of  ozoi  e  winch  occupies  less  space  and 
IB  also  shghth  soluble  lu  the  water  'W  hen  a  sufiicient 
amount  of  the  gases  has  been  eiolved  and  collected 
they  may  be  tested  the  hydrogen  b\  showing  that  it 
will  burn  the  oxygen  hv  its  causing  a  glowing  spark 
1  the  end   of  a  splinter  of  wood  to  hurst  into  flame 

L  If  the  two  gases  are  collected  together  lu  a  common 
reoeiver,  the  mixed  gas  will  be  found  to  pofsess  the  well 

*  known  eKploRi\  e  property  of  muted  hydrogen  aiidoxjgen 
na     The  chemical  decomposition  is  expressed  in  the 

[  following  equation ; 

[  HtO  =  H,  +  O 

rmter  rl^^^i         i  vols,  ot  Hyitinfpn         uni  1  vol.  ot  Oxygen. 
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238.  Electrolfsis  of  Sulphate  of  Coppei.  —  We  will 
take  as  another  case  the  electrolysis  of  a  solution  of  the 
well-known  "blue  vitriol"  or  sulphate  of  copper.  If  a 
few  crystals  of  this  substance  are  dissolved  in  water  a 
blue  liquid  is  obtained,  which  is  eaflilj  electrolyzed  !»- 
tween  two  electrodes  of  platinum  foil,  hy  the  current  from 
a  Bingle  cell  of  any  ordinary  liattery.  The  cliemioal  for- 
mula for  sulphate  of  copper  is  CuSO,.  The  result  of  the 
electrolysis  is  to  split  it  up  into  two  parts.  Metallic 
copper  is  carried  forwiird  by  the  eurreut  and  deposited 
in  a  film  upon  the  kathode,  leaving  behind  at  the  anode 
"  sulphion,"  an  easily  decomposed  compound  of  sulphur 
and  osygen,  which  is  immediately  acted  upon  by  the 
water  forming  sulphuric  acid  and  oxygen.  This  oxygen 
is  liberated  in  bubbles  at  the  anode.  The  chemical 
changes  are  thus  expressed : 

CuSO^  =  Cu  +         SO. 

Sulpbnto  uf  Copper        beaomca        Ciappur        ani]       duIpbEon  ; 

SO.       +      H,0         =  H,SO.  +  0 

Bolphtiin      snd      wnUr       produco       Suljihuiic  acid       iind       Oicygen. 

In  this  way.  as  the  current  continues  to  flow,  copper 
is  continuaUy  withdrawn  from  the  liquid  and  deposited 
ou  the  kathode,  and  the  liquid  gets  more  and  more  acid. 
If  copper  electrodes  are  used,  instead  of  platinum,  no 
oxygen  is  given  off  at  the  anode,  but  the  copper  anode 
itself  dissolves  away  into  the  liquid  at  exactly  the  same 
rate  as  the  copjier  of  the  liquid  is  deposited  on  the 
kathode. 

239.  Anions  and  Kations.  —  The  atoms  which  thus 
are  severed  from  one  another  and  carried  invisibly  by 
the  current  to  the  electrodes,  and  there  deposited,  are 
obviously  of  two  classes ;  some  are  left  behind  at  the 
anode,  others  are  carried  forward  to  the  kathode.  Fara- 
day gave  the  name  of  ions  to  these  wandering  atoms; 
those  left  at  the  anode  being  anions,  and  those  going 
to  the  kathode  being  kations.     Anions  are  soinetitnes 
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regarded  as  "electronegative,"  because  they  move  as  if 
attracted  toward  the  +  pole  of  the  battery,  while  the 
kations  are  regarded  as  "electropositive."  Hydrogen 
and  the  metals  are  kations,  moving  apparently  with  the 
direction  assumed  as  that  of  the  current,  and  are  de- 
posited where  the  current  leaves  the  electrolytic  cell. 
The  anions  are  oxygen,  chlorine,  etc.  When,  for  ex- 
ample, chloride  of  tin  is  electrolyzed,  metallic  tin  is 
deposited  on  the  kathode,  and  chlorine  gas  is  evolved  at 
the  anode. 

240*   Quantitative  Laws  of  Electrolysis. 

(i.)  The  amount  of  chemical  action  is  equal  at  all  points 
of  a  circuit.  If  two  or  more  electrolytic  cells  are  placed 
at  different  points  of  a  simple  circuit  the  amount  of 
chemical  action  will  be  the  same  in  all,  for  the  same 
quantity  of  electricity  flows  past  every  point  of  the  cir- 
cuit in  the  same  time.  If  all  these  cells  contain  acidu- 
lated water,  the  quantity,  for  example,  of  hydrogen  set 
free  in  each  will  be  the  same ;  or,  if  they  contain  a  solu- 
tion of  sulphate  of  copper,  identical  quantities  of  copper 
will  be  deposited  in  each.  If  some  of  the  cells  contain 
acidulated  water,  and  others  contain  sulphate  of  copper, 
the  weights  of  hydrogen  and  of  copper  will  not  be  equalf 
but  will  be  in  chemically  equivalent  quantities. 

(ii.)  The  amount  of  an  ion  liberated  at  an  electrode  in 
a  given  time  is  proportional  to  the  strength  of  the  current. 
A  current  of  two  amperes  will  cause  just  twice  the  quan- 
tity of  chemical  decomposition  to  take  place  as  a  current 
of  one  ampere  would  do  in  the  same  time. 

(iii.)  The  amount  of  an  ion  liberated  at  an  electrode  in 
one  second  is  equal  to  the  strength  of  the  current  multiplied 
by  the  "  electro-chemical  equivalent "  of  the  ion.  It  has  been 
found  by  experiment  that  the  passage  of  one  coxdomb  of 
electricity  through  water  liberates  -000010384  gramme 
of  hydrogen.  Hence,  a  current  the  strength  of  which 
is  C  {amperes)  will  liberate  C  x  '000010884  grammes 
of  hydrogen  per  second.     The  quantity  '000010384  is 
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^^H                  "electrochemical  equivalents"  oi  other  elements  can  ba          ^^M 

^^H                Thus  the  chemical  "equivalent""  of  cop^ier  is  31-59;         ^^M 

^H                multiplying  this  by  -000010384  we  get   as  the  electro-         ^H 

^H                chemical    equivalent    of    copper    the    value     '0003381          ^H 
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241.  Weight  of  Element  deposited.  —  The  following 
equation  embodies  the  rule  for  finding  the  weight  of  any 
given  ion  disengaged  from  an  electrolytic  solution  during 
a  known  time  by  a  current  of  known  strength.  Let  C  be 
the  current  (reckoned  in  amperes)^  t  the  time  (in  seconds), 
z  the  electrochemical  equivalent,  and  to  the  weight  (in 
grammes)  of  the  element  liberated ;  then 

w  =  zQt, 

or,  in  words,  the  weight  (in  grammes)  of  an  element  depos- 
ited by  electrolysis  is  found  by  multiplying  its  electrochemical 
equivalent  by  the  strength  of  the  current  (in  amperes),  and 
by  the  time  (in  seconds),  during  which  the  current  continues 
to  flow. 

Example.  —  A  current  from  five  Daniell's  cells  was  passed 
through  two  electrolytic  cells,  one  containing  a  solution 
of  silver,  the  other  acidulated  water,  for  ten  minutes. 
A  tangent  galvanometer  in  the  circuit  showed  the 
strength  of  the  current  to  be  "5  amperes.  The  weight 
of  silver  deposited  will  be  0001118  X  '5  X  10  X  60 
=  0-3354  gramme.  The  weight  of  hydrogen  evolved 
in  the  second  cell  will  be  '000010384  X  '5  X  10  X  60 
=  0-003115  gramme. 

242.  Voltameters.  —  The  second  of  the  above  laws, 
that  the  amount  of  an  ion  liberated  in  a  given  time  is 
proportional  to  the  current,  is  sometimes  known  as  Fara- 
day*s  Law,  from  its  discoverer.  Faraday  pointed  out  that 
it  affords  a  chemical  means  of  measuring  currents.  He 
gave  the  name  of  voltameter  to  an  electrolytic  cell  arranged 
for  the  purpose  of  measuring  the  current  by  the  amount 
of  chemical  action  it  effects. 

243.  Water-Voltameter.  —  The  apparatus  shown  in 
Fig.  138  might  be   appropriately  termed  a  Water- Vol- 

atorn  of  copper  replaces,  or  is  *'  worth,"  two  atoms  of  hydrogen  ;  huncothe 
weight  of  copper  equivalent  to  1  of  hydrogen  is  ^=81^.    In  all  cases  the 

chemical  "equivalent"  is  the  quotient     "  "  . •    The  above  table 

*  ^  valency 

gives  fVill  statistical  information. 
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taineter,  provided  the  tubes  to  collect  the  gases  be  grad- 
uated, so  as  to  measure  the  quantities  evolved.  The 
weight  of  each  measured  cubic  centimetre  of  hydrogen 
(at  the  standard  temperature  of  0°  C,  and  pressure  of 
760  millims.)  is  known  to  be  '00008988  grammes.  Hence, 
if  the  immber  of  cubic  centimetres  liberated  during  a 
given  time  by  a  current  of  unknown  strength  be  ascer- 
tained, the  mean  sh*ength  of  the  current  can  be  calculated 
by  first  reducing  the  volume  to  weight,  and  then  divid- 
ing by  the  electrochemical  ecjuivalent,  and  by  the  time. 
Each  coulomb  of  electricity  liberates  in  its  flow  '1155 
cubic  centimetres  of  hydrogen,  and  -0577  c.c.  of  oxygen. 
If  tliese  gases  are  collected  together  in  a  mixed-gas  volta- 
meter there  will  be  •17;3*J  c.c.  of  the  mixed  gases  evolved 
for  every  coulomb  of  electricity  which  passes.  To  decom- 
pose 0  grammes  of  water,  liberating  1  gramme  of  H  and 
8  gramm(5S  of  (),  recjuires  90,802  coulombs  to  be  sent 
tlirougli  iluj  licjuid  with  an  electromotive-force  of  at  least 
V  17  volts  (s(M}  Art.  487). 

244.  Copper  and  Silver  Voltameters.  —  As  mentioned 
above,  if  sulphate  of  copper  is  electrolyzed  between  two 
electrodes  of  copper,  the  anode  is  slowly  dissolved,  and 
the  kathode  receives  an  ecpial  quantity  of  copper  as  a 
deposit  on  its  surface.  One  coulomb  of  electricity  will 
cause  -0003281  grannne  to  be  deposited ;  and  to  deposit 
one  gramme  weight  recjuires  a  total  quantity  of  3048 
coulombs  to  flow  through  the  electrodes.  A  current  of 
one  ampere  deposits  in  one  hour  1*177  grammes  of  copper, 
or  4*0248  grammes  of  silver. 

By  weighing  one  of  the  electrodes  before  and  after 
the  passage  of  a  current,  the  gain  (or  loss)  will  be  pro- 
portional to  the  quantity  of  electricity  that  has  passed. 
In  1879  Edison,  the  inventor,  applied  this  method  for 
measuring  the  quantity  of  electricity  supplied  to  houses 
for  electric  lights  in  them;  a  small  copper  voltameter 
being  placed  in  a  branch  of  the  circuit  which  supplied 
the  house,  to  serve  as  a  meter.    Various  other  kinds  of 
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supi'ly  meters  have  been  proposed,  having  clookwork 
couut«rs,  rolling  integrating  disks,  aud  other  mechanical 
devicea  to  add  up  the  total  iiuantity  of  electricity  coa- 
veyed  by  the  current  (see  Art.  442). 

245.  Cotnpaiuon  of  Volt&metero  with  Galvanometen. 
—  It  will  be  seen  that  both  Gnivanovieters  aiid  Voltameters 
are  intended  to  nieaaure  the  strength  of  cuvreutH,  one 
by  magnetic,  the  other  by  chemical  means.  Faraday 
demonstrated  that  the  magnetic  and  the  chemical  actions 
of  a.  current  are  proimr- 
tional  to  one  another.    In  B 

Fig.  138  ia  shown  a  circuit 
that  is  branched  so  that 
the  current  divides,  part 
going  through  a  branch 
of  small  resistance  r  and 
part  through  a  branch  of 
larger  resistance  R.  The 
current  will  divide,  the 
gi'eater  part  going  by  thu 
path  of  lesser  resistance. 
Three  amperemeters  aw. 
used.  It  will  l>e  found 
that  the  number  of  amperes 
in  the  main  circuit  is  equal  to  the  s 
in  the  two  branches.  In  Fig.  140  the  three  ampere- 
meters have  been  replaced  by  three  copper  voltameters. 
The  weight  of  copper  deposited  in  the  voltameter  A  in 
the  main  circuit  will  be  found  to  lie  equal  to  the  s 
the  weights  deposited  in  B  and  U  in  the  two  branches. 
A  galvanometer  shows,  however,  the  sttengtli  of  the  cur- 
rent at  any  moment,  and  its  variations  in  strength  from 
one  moment  to  another,  by  the  position  of  the  needle. 
In  a  voltameter,  a  varying  current  may  liberate  the 
atoms  of  copper  or  the  bubbles  of  gas  rapidly  at  one 
moment,  and  slowly  the  next,  but  all  the  varying  quan- 
tities will  be  simply  added  together  in  the  total  yield. 
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III  fact,  the  voltameter  gives  iia  the  "time  integral"  of 
tlie  current.  It  tells  us  ivhal  qtuinlili/  of  electricity  has 
flowed  through  it  during  the  experiment,  rather  than 
hom  atroni)  the  current  uiiu  at  any  one  moment. 

246.  Chemical  Test  for  Weak  Currents.  —  A  very 
feeble  current  fluffloes  to  produce  a  perceptible  amount 
of  change  in  certain  chemicai  subgtoncea.  If  a  few  crys- 
tals of  tlie  white  salt  iodide  of  potassium  are  dissolved  in 
water,  and  then  a  little  starch  pa8te  ia  added,  &  very  sen- 
sitive electrolyte  is  obtained,  which  turns  to  a  dark  blue 
colour  at  the  anode  when  a  very  weak  current  parses 
through  it.  The  decomposition  of  the  salt  liberates 
iodine  at  the  ajiode,  which,  acting  on  the  starch,  forms  a 
coloured  compound.  White  blotting-paper,  dipped  into 
the  prnpared  liquid,  and  then  laid  on  the  kathode  and 
touched  by  the  anode,  affords  a  convenient  way  of  exam- 
ining the  discoloration  due  to  a  current.  A  solution  of 
ferrocyanide  of  potassium  affords  when  using  an  anode 
of  iron  the  well-known  tint  of  Prussian  blue.  Bain 
proposed  to  utilize  this  in  a  Chemical  Writing  Tele- 
graph, the  short  and  long  currents  transmitted  along 
the  liue  being  thus  recorded  in  blue  marks  on  a  strip  of 
prepared  paper,  drawn  along  by  clockwork  under  an 
iron  stylus  joined  to  the  positive  wire.  Faraday  showed 
that  chemical  discoloration  of  paper  moistened  with 
starch  and  iodide  of  potassium  wa.s  produced  by  the 
passage  of  electricity  from  sources  of  all  different  kinds 
— frictional,  voltaic,  thermo-electric,  and  magneto-eloo- 
trie,  —  even  by  that  evolved  by  the  Torpedo  and  the 
Gymnotus.  In  fact,  he  relied  on  this  chemical  test  an 
one  prciof  of  the  identity  of  the  different  kinds. 

247.  Internal  and  Bitemal  Actions. ^lu  an  earlier 
lesson  it  was  shown  that  the  quantity  of  chemical  action 
inside  the  cells  of  the  battery  was  proportional  to  the 
current.  Hence,  Law  (i.)  of  Art.  340  applies  both  to 
the  poiiion  of  the  circuit  within  the  battery  and  to  that 
without  it. 
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Suppoae  3  Danleira  cells  Are  being  emptofed  to  deootnpose 
nater  in  a  vultamoter.  Tben  while  1  gramme  weight  (11,12s 
cub.  centims.)  ot  bydrogen  Qnd  8  grammas  (5663  c.c.)  of  oxygen 
are  set  free  !□  tbe  voltameter,  315  grammeB  of  copper  will  be 
deposited  to  each  cell  of  the  battery,  and  (negiertiug  loss  b;  local 
actloa],  32'5  grammcfl  ot  zinc  will  be  dissolved  in  each  cell. 

248.  Eeversibility.  —  It  will  tlierefore  be  evident 
that  the  eleotrglytic  cell  is  the  converse  of  the  voltaic  cell. 
The  chemical  work  done  in  the  voltaic  cell  furnishea  the 
energy  of  the  current  which  that  cell  sets  up  in  the 
circuit.  In  the  electrolytic  cell  chemical  work  is  [xir- 
formed,  the  neceasary  energy  being  furnisiied  by  the  cur- 
rent of  electricity  which  ia 
sent  into  the  cell  from  an 
independent  battery  or 
other  source.  It  is  ini- 
portajit  to  note  the  bearing 
of  this  with  respect  to  the 
energy  of  the  circuit.  Siip- 
poae  a  ciu'rent  of  Btrength 
C  to  flow  through  a  cell  of 
which  the  electromotive- 
force  is  E,  and  which  acts 
in  the  same  direction  as 
the  current.  The  energy 
given  to  the  circuit  per  second  by  this  cell  will  be  (Art. 
435)  the  product  of  C  and  E ;  the  chemical  energy  of 
the  voltaic  cell  entering  the  circuit  at  the  place  where 
the  chemical  action  is  going  on.  Li  Fig.  Ill  the  ciurent 
is  indicated  by  the  arrows  with  thick  shafts,  the  electro- 
motive-force by  the  feathered  arrow.  For  example,  if 
10  amperes  flow  through  a  Daniel!  cell  acting  with  1-1 
volts  of  electromotive-force,  the  power  given  out  by  the 
oell  is  11  waits  (Art.  435).  But  if  the  cell  be  so  con- 
nected into  the  circuit,  as  in  Case  IT.  of  Fig.  Ml,  that 
the  E.M.F.  of  the  cell  opposes  the  current  tliat  is  being 
driven  along  the  circuit,  then  the  energy  per  second 
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will  be  the  prodaet  of  C  and  —  E,  or  —  CE,  the  negative 
Bi^n  iiidicEitiiig  that  the  circuit  is  loatng  energy,  part  of 
its  energy  heiug  absorbed  iu  the  cell  iu  doing  chemical 
work.  If  current  is  sent  backwards  throiig;h  a  Baniell 
cell  the  chemical  processes  are  reversed,  copper  is  dissolved 
and  zinc  is  deposited.  But  all  cells  are  not  reversible  in 
their  chemical  action. 

A  theory  of  electrolysis,  and  eome  esampleB  of  its 
application,  are  given  iu  Art.  iSS  on  Electro-eheniiatry. 


S49,  Molecular  Actiona.  —  Metal  conductors,  when 
subjected  to  the  prolonged  actioa  of  currents,  undergo 
slow  molecular  changeB,  Wires  of  copper  and  brass 
graduaUy  become  brittle  under  its  influence.  During 
the  passage  of  the  current  through  metallic  wires  tlieir 
cohesion  is  temporarily  lessened,  and  there  also  appears 
to  be  a  decrease  in  their  coefflcieut  of  elasticity.  It  waa 
thought  by  Ediund  that  a  definite  elongation  could  be 
observed  in  strained  wires  when  a  current  was  passed 
through  them;  but  it  has  not  yet  been  satisfactorily 
shown  that  this  elongation  is  independent  of  the  elonga- 
tion  due  to  the  heating  of  the  wire  owing  to  the  resistance 
it  opposes  to  the  current. 

250.  Electric  Osmose. —  Porret  observed  that  if  a 
strong  cnrreut  ia  led  into  certain  liquids,  as  if  to  electro- 
lyze  thom,  a  porous  partition  being  placed  between  the 
electrodes  the  current  mechanically  carries  part  of  the 
liquid  th  gh  the  porous  diaphragm,  ho  tliat  the  liquid 
f  ced  up  t  a  higher  level  on  one  side  thau  on  the 
tl  This  pi         nenon,  known  as   electric   osmose,  is 

t  a  f  wl  badly-conducting  liquids,  such  as 
al  1  1  a  d  1  1].  h  le  of  carbon,  are  used.  The  transfer 
thr  ugl    th    diaph  agm  takes  place  iu  the  direction  of 
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the  current     that  is  to  s  i.\    the  liquid  is  higher  about 
the  kathode  than  round  the  dnude 

261.  Elsctnc  Distillation  —Closely  connected  with 
the  preceding  phenomenon  is  that  of  the  electric  distilla- 
tion of  liquids  It  waa  noticed  by  Beccarla  that  an  elec- 
trified liquid  evaporated  more  rapidly  than  one  not  elec- 
trified, tiemez  has  recently  ahowii  that  in  a  bent  closed 
tube,  containing  two  portions  of  liquid,  one  of  which  is 
made  highly  +  and  the  other  highly  — ,  the  liquid  passes 
over  from  +  to  — ,  This  apparent  distillation  is  not  due 
to  difference  of  temperature,  not  does  it  depend  on  the 
extent  of  surface  exposed,  but  is  effected  by  n  slow  creep- 
ing of  the  liquid  along  the  interior  surface  of  the  glass 
tubes.     Bad  conductors,  such  as  turpentine,  do  not  thus 

252-  Diaphragm  Currents. —  Professor  Quincke  dis- 
covered that  a  current  is  set  up  in  a  liquid  when  it  is 
forced  by  pressure  through  a  porous  diaphragm.  This 
phenomenon  may  be  regarded  as  the  converse  of  electric 
osmose.  The  E.M.F.  of  the  current  varies  with  the  pi'ew- 
nre  and  with  the  nature  of  the  diaphragm.  When  water 
■was  forced  at  a,  pressure  of  one  atmosphere  through  sul- 
phur, the  difference  of  potential  waa  over  9  volts.  With 
diaphragms  of  porcelain  and  bladder  the  differences  were 
only  ■35  and  '01  volts  respectively. 

253.  Electro-Capillary  Phenomena.  ^  If  a  horiMiutal 
glass  tube,  tutued  up  at  the  ends,  be  filled  with  dilute 
aroid,  and  a  smgle  drop  of  mercury  be  placed  at  about  the 
middle  of  the  tube,  the  passage  of  a  current  through  the 
tube  will  cause  the  drop  to  move  along  towards  the  nega- 
tive pole.  It  is  believed  that  the  libaratiou  of  very  small 
quantities  of  gas  by  electrolysb  at  the  surface  where  the 
mercury  and  acid  meet  alters  the  surface-tension  very 
considerably,  and  thus  a  movement  results  from  the  cap- 
illary forces.  Lippmann,  Dewar,  and  others  have  con- 
itraoted  upon  this  pruieiple  capillary  tieclromeUra,  in 
which  the  pressure  of  a  column  of  liquid  is  made  to  bal- 
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anoB  the  electro-capUlary  force  exerted  at  the  surface  of 
contact  of  mercury  and  dilute  acid,  the  electro^apillary 
force  being  nearly  proportional  to  the  electromotiTe-foroe 
when  this  does  not  exceed  one  volt.  Fig.  112  shows  the 
capillai-y  electrometer  of  IJewar.  A  glass  tuhe  rests  hori- 
zontally between  two  glass  dishes  in  which  holes  have 
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been  bored  to  ryceive  the  ends  of  the  tube.  It  is  filled 
with  mercury,  and  n  single  drop  of  dilate  acid  is  placed 
in  the  tube.  Plutliium  wires  to  serve  as  electrodes  dip 
into  the  mercury  in  the  dishes.  An  E.M.F.  of  only  jj^ 
volt  Bullicea  to  produce  a  measurable  displacement  of  the 
drop.  The  direction  of  the  displacement  variea  with 
that  of  tlie  current. 

364.  PhysiologicaJ  Actions.  —  Currents  of  electricity 
passed  tltfough  the  limbs  affect  tlie  nerves  with  oettain 
painful  sensations,  and  cause  the  muscles  to  uudergo 
involuntary  contractions.  The  sudden  rush  of  even  a 
small  charge  of  electricity  from  a  Leydea  jar  charged  to 
a  high  potential,  or  from  an  induction  coil  (see  Fig.  135), 
gives  a  sharp  and  painful  shock  to  the  system.  The  our^ 
rent  from  a  few  strong  Grove's  cells,  conveyed  through 
the  body  by  grasping  the  terminals  with  moistened 
hands,  gives  a  very  different  kind  of  sensation,  not  at 
all  agreeable,  of  a  prickling  in  the  joints  of  the  arms 
and  shoulders,  but  not  producing  any  spasmodic  con- 
tractions, except  it  be  in  nervous  or  weakly  persona, 
at  the  sudden  making  or  breaking  of  the  circuit.  The 
difference  between  the  two  cases  lies  in  the  fact  that 
the  tissues  of  the  body  offer  a  veiy  considerable  resist- 
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L  asce,  and  that  the  difference  of  potential  iii  the  former 
}  may  be  many  tliouaands  of  volts ;  heiice,  though 
■tbe  actual  quantity  stored  up  iu  the  Leydeii  jar  is  very 
■.wnall,  its  very  high  E.M.F.  enables  it  at  once  to  over- 
Beome  the  resistance.  The  battery,  although  it  might, 
TiWhen  working  tiirough  a  good  conductor,  afford  in  oiie 
KBecond  a  thousand  times  as  much  electricity,  cannot, 
■  when  working  through  the  high  resistance  of  the  body, 
I  iransmit  more  than  a  small  fraction,  owing  to  its  limited 
^  E.M.F, 

After  the  discovery  o£  the  -ihock  of  the  Leydeii  jar  by 
h  CunEEus  in  1745  many  experiments  were  tried.  Louia 
f  XV.  of  France  caused  an  electric  shock  from  a  battery  of 
I-  Leyden  jars  to  be  administered  to  700  Carthusian  monks 
I  Joined  hand  in  hand,  with  prodigious  effect,  franklin 
1. killed  a  turkey  by  a  shock  from  a  Leyden  jar. 

In  1752  Suker  remarked  that  "  if  you  join  two  pieces 
■.of  lead  and  silver,  and  then  lay  them  upon  the  tongue, 
Ijottwill  notice  a  certain  laate  resembling  that  of  green 
J'TitrioI,  while  each  piece  apart  produces  no  such  sensa- 
This  galvanic  taste,  not  then  suspected  to  have 
annexion  with  electricity,  may  be  experienced  by 
I  placing  a  silver  coin  on  the  tongue  and  a  steel  pen  under 
I  it,  the  edges  of  them  being  then  brought  into  metallic 
I  contact.  The  same  taste  is  noticed  if  the  two  wires  from 
Lthe  poles  of  a  single  voltaic  cell  are  placed  in  contact 
ftjvith  the  tongue. 

Bitter  discovered  that  a  feeble  current  transmitted 
through  the  eyeball  produces  the  sensation  as  of  a  bright 
Wfioik  ofligM  by  its  sudden  atimuJation  of  the  optic  nerve. 
A  stronger  current  transmitted   by  means  of  moistened 
conductors  attached  to  the  battery  terminals  gave  &  sen- 
sation of  blue  and  green  colours  in  flowing  between  the 
forehead  and  the  hand.    Von  Ilelmholtz,  repeating  this 
L  oxperiraent,  observed   only  a  wild  rush  of   colour.     Dr. 
[fiuuter  saw  flashes  of  light  when  a  piece  of  metal  placed 
luder  the   tongue  was  touched  against   another  which 
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touched  the  moist  tissues  of  the  eye.  Yolta  and  Rttter 
heard  miisioal  sounda  wheo  a  ourrent  wfts  passed  through 
the  ears ;  and  Humboldt  found  a  seuaation  to  he  pi'oduoed 
in  the  organs  of  smell  when  a  current  was  passed  from  the 
nostril  to  the  soft  palate.  Eaoh  of  the  specialized  senses 
can  be  stimulated  into  activity  by  the  current.  Man  pos- 
sesses no  specialized  sense  for  the  perception  of  electrical 
forces,  as  he  does  for  light  and  for  sound ;  hut  there  is  no 
reason  for  denying  the  possibility  that  some  of  the  lower 
creatures  may  be  endowed  with  a  special  electrical  sense. 

The  following  experiment  shows  the  effect  of  feeble 
currents  on  cold-blooded  creatures.  If  a  copper  (or  silver) 
coin  be  laid  on  a  piece  of  sheet  zinc,  and  a  common  garden 
snail  be  set  to  crawl  over  the  zinc,  diractly  it  comes  into 
contact  with  the  copper  it  will  suddenly  pull  in  its  homa, 
and  shrink  in  its  body.  If  it  is  set  to  crawl  over  two 
copper  wires,  which  are  then  placed  in  contact  with  a 
feeble  voltaic  cell,  it  immediately  announces  the  estab- 
lishnient  of  a  current  by  a  similar  contraction.* 

S66.  Uuscular  Contractions.  —  In  16T8  Swammer- 
dam  (thowed  to  the  Grand  Duke  of  Tuscany  that  when 
a  portion  of  muscle  of  a  frog's  leg  hanging  by  a  thread 
of  nerve  bound  with  silver  wire  was  held  over  a  copper 
support,  so  that  both  nerve  and  wire  touched  the  copper, 
the  muscle  immediately  contracted.  More  than  a  century 
later  Galvani's  attention  was  drawn  to  the  subject  by 
his  observation  of  spasmodic  contractions  in  the  legs  of 
Ireshly-killed  frogs  under  the  influence  of  the  "return- 
shock"  exiierienced  every  time  a  neighbouring  electric 
machine  was  discharged.  Unaware  of  Swammerdam's 
experiment,  he  discovered  in  1786  the  fact  (alluded  to  in 
Art.  163  as  leading  ultimately  to  the  discovery  of  the 
Voltaic  Pile)  that  when  nerve  and  muscle  touch  two 
dissimilar  metals  in  contact  with  one  another  a  contrac- 
tion of  the  muscle  takes  place.    The  limbs  of  the  frog. 


la  phyaiobgloaJ  phflD< 
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s  directed  by  Galvani,  are  ahowii  in  Fig.  143. 
After  the  animal  has  been  HUed  the  hind  limbs  are  de- 
tached and  skinned ;  the  crural  nerves  and  their  attach- 
i  to  the  lumbar  vertebrje  remaining.  For  some 
hours  after  death  the  limbs  retain  their  contractile  power. 
The  frog's  liinlis  thus  prepared  form  an  excessively  deli- 
cate galranoscope  ;  with  them.for  example,  the  excessively 


I  delicate  induction-currents  of  the  telephone  (Lesson  LIU.) 
be  showii,  thiiuf^li  the  most  sensitive  galvanometers 
barely  r|.(i.-i  ili.-n  i  ..ilvaui  and  Aldini  proved  that 
other  ci.  .1  il...'  efiecta.    With  a  pile  of  100 

pairs  A!;.  1  on  newly-killed  sheep,  oxen, 

and  raM'ii  -.  ,■.!:■:  I I  i  n.'iu  to  suifer  spasmodic  muscular 

contracl:iou».  l!u!iibi>ldt  proved  the  same  on  fishes;  and 
Zanotti,  by  sending  a,  current  through   a  iiewly-killiid 

L  gnutshopper,  caused  it  to  emit  its  familiar  chiip.     Aldiui, 
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and  later  Dr.  Ure  of  Glasgow,  experimented  on  the  bodies 
of  executed  criiiiinalB,  with  a,  Bucceea  terrible  to  behold. 
The  facial  niuBolea  underwent  horrible  contortions,  and 
the  chest  heaved  with  the  contraction  of  the  diaphragm. 
The  sinall  musclea  attached  to  the  roots  of  the  hairs  of 
the  head  appear  to  be  markedly  sensitive  to  electrical 
coiiditioDS  from  the  readiness  with  which  electrification 
causes  the  hair  to  stand  on  end. 

The  resistance  of  the  human  body  to  the  flow  of  electric 
current  through  it  depends  mainly  on  the  dryness  of  the 
skin.  It  may  vary  from  10,000,  down  to  300  oftnw  when 
the  akin  is  raoiat.  From  experiments  made  in  America 
in  connexion  with  the  execution  of  criminals,  it  was 
found  that  the  average  resistance  of  the  human  body  is 
2500  ohnis,  and  that  3000  (alternating)  volts  applied 
between  the  head  and  spine  caused  instantaneous  death. 

A  current  of  as  much  as  20  railliamperes  produces 
terrible  muscular  contractions,  whilst  a  current  of  2 
amperes  traversing  a  vital  part  is  almost  certainly  fatal. 
The  efiect  of  the  current  is  twofold;  in  the  first  place  it 
acts  upon  the  nerves,  causing  spa'tms,  secondly  it  destroys 
the  tissue  either  by  burning  or  by  electrolysis,  the  blood 
becoming  coagulated.  To  restore  a  person  who  has  been 
rendered  insensible  by  an  electric  shock,  all  the  same 
restoratives  should  be  used  as  for  a  person  drowned. 

256.  Conditions  o£  Muscular  Contraction.  —  To  pro- 
duce Muiscular  contraction  the  current  must  traverse  a 
portion  of  the  nerve  longitudinally.  In  a  freshly-prepared 
frog  the  current  causes  a  contraction  only  noomentarily 
when  the  circuit  is  made  or  broken.  A  rapidly  interrupted 
current  will  induce  a  second  contraction  before  the  first 
has  had  time  to  pass  off,  and  the  muscle  may  exhibit  thus 
a  continuous  contraction  resembling  telanui.  The  pre- 
pared frog  after  a  short  time  becomes  less  sensitive,  and 
a  "  direct "  current  (that  is  to  say,  one  pa-ising  along  the 
nerve  in  the  direction  from  t)ie  brain  to  the  muscle)  only 
produces  an  efiect  when  circuit  is  made,  while  an  "in- 
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ae"ourrent  oiily  produces  aii  effect  when  the  circuit 
'  is  broken.  Matteucci,  who  observed  this,  also  discovered 
'  by  experiments  on  living  animals  that  there  is  a  distinction 
I  between  the  conductivity  of  sensory  and  motor  nerves, — 
a  "direct"  current  affecting  the  motor  nerves  on  making 
the  circuit,  and  the  sensory  nerves  on  breaking  it ;  while 
an  "  inverse  "  current  produced  inverse  results.  Little  is, 
however,  yet  known  of  the  conditions  of  conductivity  of 
the  matter  of  the  nerves ;  they  conduct  better  than  mua- 
oular tissue,  cartilage,  or  bone;  but  of  aU  substances  in 
the  body  the  blood  conducts  best.  Powerful  currents 
doubtless  electrolyze  the  blood  to  some  extent,  copulat- 
ing it  and  the  albumin  it  contains.  The  power  of  eon- 
traeling  under  the  influence  of  the  current  appeal's  to  be 
a  distinguishing  property  of  proloplatm  wherever  it  occurs. 
The  amceba,  the  most  structureless  of  organisms,  sitfiers 
contractions.  Ritter  discovered  that  the  sensitive  plant 
■  ehuts  up  when  electrified,  and  Burdon  Simderson  has 
shown  that  this  property  enteuds  to  other  vegetables, 
being  exhibited  by  the  carniiioroai  plant,  the  Biouiea  or 
Venus'  Fly  Trap, 

257.  Animal  Electricity.— Although,  in  his  later 
writings  at  least,  Galvani  admitted  that  the  eleotricitj 
thus  operating  arose  from  the  metals  employed,  he  insisted 
on  the  existence  of  an  animal  eleetricUy  resident  in  the 
muscular  and  nervous  structures.  He  showed  that  oon- 
tractions  conld  be  produced  without  using  any  metals  at 
all  by  merely  touching  a  nerve  at  two  different  points 
along  its  length  with  a,  morsel  of  muscle  cut  from  a  living 
frog;  and  that  a  conductor  of  one  metal  when  joining  a 
nerve  to  a  muscle  also  sufficed  to  causa  contraction  in  the 
latter.  Galvani  and  Aldiui  regarded  these  facts  as  a 
disproof  of  Volta's  contact-theory.  Volta  regarded  them 
Bs  proving  that  the  contact  between  nerve  and  muscle 
itself  produced  (as  in  the  case  of  two  dissimilar  metals) 
opposite  electrical  conditions.  Nobili.  later,  showed  that 
when  the  nerve  and  the  muscle  of  the  frog  were  respec- 
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tively  connected  by  a,  watar-contnct  with  the  terminuls  of 
a  delicate  galvanometer,  a,  current  is  produced  which  lasts 
seTeral  hours;  he  even  arranged,  a  number  of  frogs'  legs 
in  series,  like  the  cells  of  a  battery,  and  thus  inci'eaaed  the 
cmreut,  Matteucci  showed  that  through  the  muscle  alone 
there  may  be  an  electromotive-force.  Du  Bois  Reymond 
has  shown  that  if  the  end  of  a  muscle  be  cut  across,  the 
ends  of  the  muscular  fibres  of  the  transverse  section  are 
negative,  and  the  «iJt»  of  tlie  muscular  fibres  are  positive, 
and  that  tliis  difference  of  potential  will  produce  a  current 
even  while  the  muscle  is  at  rest.  To  demonstrate  this  he 
employed  a  fine  astatic  galvanometer  with  30.000  turns 
of  wire  in  its  coils ;  and  to  obviate  errors  arising  from  the 
contact  of  the  ends  of  the  wires  with  the  tissues  unpolariz- 
able  dectrodea  were  used,  made  by  plunging  terminal  ziuc 
points  into  a  saturated  solution  of  sulphate  of  zinc,  con- 
tained in  a  fine  glass  tube,  tlie  end  oi  which  was  stopped 
with  a  porous  plug  of  moistened  china  clay.  Normal 
muscle  at  rest  sliows  no  current  wliatever  between  its 
parts.  Lijured  muscle  at  rest  shows  a  current  from  the 
injured  toward  the  uninjured  part  (returning  toward  the 
injured  part  throngh  the  galvanometer).  Normal  muscle 
when  active  shows  a  current  from  the  active  part  toward 
the  resting  part.  Du  Bois  Reymond  obtained  currents 
from  his  own  muscles  by  dipping  the  tips  of  hia  fore- 
fingers into  two  cups  of  salt  water  communicating  with 
the  galvanometer  terminals.  A  sudden  contraction  of 
the  muscles  of  either  arm  produced  a  current  from  the 
contracted  toward  the  unoontracted  muscles.  Dewar 
has  shown  that  when  light  falls  upon  the  retina  of  the 
eye  an  electric  current  is  set  up  in  the  optic  nerve. 
In  the  skin,  and  especially  in  tlie  skin  of  the  com- 
mon eel,  there  is  an  electromotive-force  from  without 
inwards. 

256.  Surgical  Applications.  —  Electric  currents  have 
been  successfully  eniployed  as  an  adjunct  in  restoring 
persona  rescued  from  drowning;  the  contraction  of  the 
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diaphragm  and  chest  muscles  serving  to  start  respiration. 
Since  the  discovery  of  the  Ley  den  jar  many  attempts 
have  been  mad6  to  establish  an  electrical  medical  treat- 
ment. Discontinuous  currents,  particularly  those  fur- 
nished by  small  induction-coils  and  magneto-electric 
machines,  are  employed  by  practitioners  to  stimulate  the 
nerves  in  paralysis  and  other  affections.  Electric  cur- 
rents should  not  be  used  at  all  except  with  great  care, 
and  under  the  direction  of  regularly-trained  surgeons. 
It  is  not  out  of  place  to  enter  an  earnest  caution  on  this 
head  against  the  numerous  quack  doctors  who  deceive 
the  unwary  with  magnetic  and  galvanic  "appliances." 
In  many  cases  these  much-advertised  shams  have  done 
incalculable  harm:  in  the  very  few  cases  where  some 
fancied  good  has  accrued  the  curative  agent  is  probably 
not  magnetism,  but  flannel ! 

The  usual  pathological  dose  of  current  is  from  2  to  10 
milliamperes.  Apparatus  pretending  to  cure,  and  incapa- 
ble of  furnishing  such  currents,  is  worthless.  Continuous 
currents  appear  to  produce  a  sedative  effect  around  the 
anode,  which  is  of  service  in  neuralgia  and  painful  affec- 
tions, and  an  increase  in  irritability  around  the  kathode, 
useful  in  cases  of  paralysis.  The  continuous  current  is 
also  employed  electrolytically  to  disperse  tumours.  Al- 
ternate currents,  and  rapidly  interrupted  uni-directional 
currents  stimulate  the  nerves. 
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259.  By  the  lessons  in  Chajiter  T.  the  student  will 
liave  olitained  some  elemeutary  iiotiuna  upon  the  ezist- 
SDce  and  tneaaiirement,  of  definite  quantities  of  electricity. 
In  the  pi'eaen.t  lesson,  which  is  hoth  one  of  the  hardest 
and  one  of  the  moat  important  to  the  beginner,  and 
which  he  must  therefore  study  the  more  carefully,  the 
laws  which  concern  the  magnitude  of  electrical  quantities 
and  tlieir  measurement  ore  more  fully  explained.  In  no 
branch  of  knowledge  ia  it  more  true  than  in  electricity, 
that  "science  is  measurement."  That  part  of  the  science 
ofelectricitywhichdeals  with  the  measurement  of  charges 
of  electricil^  is  called  Electrostatics.  We  shall  begin  by 
discussing  first  the  simple  laws  of  electric  force,  which 
were  brought  to  light  in  Chapter  I.  by  simple  experi- 
mental means. 

260.  First  Law  of  Electrostatics.  —  Electric  charges 
of  similar  sign  repel  one  anoilter,  hut  electric  charges  of  op- 
posile  signs  attract  one  another.  The  fundamental  facts 
expressed  in  this  Law  were  fully  explained  in  Lesson  I. 

244 
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Though  familiar  to  the  student,  and  apparently  simple, 
these  facts  require  for  their  complete  explanation  the  aid 
of  advanced  mathematical  analysis.  They  will  here  be 
treated  as  simple  facts  of  observation. 

261.  Second  Law  of  Electrostatics.  —  The  force 
exerted  between  two  charges  of  electricity  (supposing  them 
to  be  collected  at  points  or  on  two  smaU  spheres)  is  directly 
proportional  to  their  product,  and  inversely  proportional  to 
the  square  of  the  distance  between  them.  This  law,  discovered 
by  Coulomb,  and  called  Coulomb's  Law,  was  briefly  alluded 
to  (on  p.  21)  in  the  account  of  experiments  made  with 
the  torsion-balance;  and  examples  were  there  given  in 
illustration  of  both  parts  of  the  law.  We  saw,  too,  that 
a  similar  law  held  good  for  the  forces  exerted  between 
two  magnetic  point-poles.  Coulomb  applied  also  the 
method  of  oscillations  to  verify  the  indications  of  the 
torsion-balance  and  found  the  results  entirely  confirmed. 
We  may  express  the  two  clauses  of  Coulomb's  Law  in  the 
following  symbolic  manner.  Let  /  stand  for  the  force,  q 
for  the  quantity  of  electricity  in  one  of  the  two  charges, 
and  q'  for  that  of  the  other  charge,  and  let  r  stand  for 
the  distance  between  them.     Then, 

(1)  /is  proportional  to  ^  x  y', 
and  (2)  /  is  proportional  to  —. 

These  two  expressions  may  be  combined  into  one; 
and  it  is  most  convenient  so  to  choose  our  units  or 
standards  of  measurement  that  we  may  write  our  sym- 
bols as  an  equation  :  — 

262.  Unit  of  Electric  Quantity.  —  If  we  are,  how- 
ever, to  write  this  as  an  equality,  it  is  clear  that  we 
must  choose  our  unit  of  electricity  in  accordance  with 
the  units  already  fixed  for  measuring  force  and  distance. 
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{electricians  of  all  nations  have  agreed  ifi  adopting  a 
system  which  is  based  upon  three  iundameiital  units  : 
viz.  the  Centimetre  for  &  unit  of  Itnffih ;  the  Gramme 
for  a  unit  of  masa  :  the  Second  for  a,  unit  of  lijne.  All 
other  units  can  be  derived  from  these,  as  is  explained 
in  the  note  at  the  end  of  this  lesson.  Now,  amongst 
the  derived  units  of  this  Bjstem  is  the  unit  of  farce, 
named  the  Dyne,  which  ia  that  force  which,  acting  for 
one  second  on  a  niaaa  of  one  gramme,  imparts  to  it 
a  velocity  of  one  centimetre  per  second.  Taking  the 
dyne  then  aa  the  unit  of  force,  and  the  centimetre  as  the 
unit  of  length  (or  distance),  we  iniiat  iiud  a  unit  of  electric 
quantity  to  agree  with  these  in  our  equation.  It  is  quite 
clear  that  if  q.  q',  and  r  were  each  made  equal  to  1  (that 
is,  if  we  took  two  charges  of  value  1  each,  and  placed 

them  one  centimetre  apart),  the  value  of  "  -j-^  would  be 


1  X  1 


—I-  which  i 


J  equal  to  1.     Hence  we  adopt,  as  our 

Definition  of  a  Unit  of  Eleciriciiy,*  the  following,  which 
we  briefly  gave  at  the  end  of  Lesson  IT.  One  Unit  of 
Eleelricily  is  that  i/uantiCy  which,  when  placed  at  a  distance 
of  one  centiTTietre  (in  air)  from  a  similar  and  equal  quantity, 
repels  it  with  a  farce  of  one  dyne. 

An  example  will  aid  the  student  to  understand  the 
application  of  Coulomb's  Law. 

Ezample,  —  Two  sinaU  spheres,  charRed  respectively  with 
S  imita  and  8  units  of  +  electricity,  are  placed  4  centi- 
metres apart  ;  find  what  force  tbey  eiert  on  one 
another.  By  the  formula, /  =  ' — ^,  we  find  /  = 
-^  =  ^  =  3  dynes. 

The  force  in  the  above  exajiiple  would  clearly  be  a 
force   of   repulsion.      Had   one   of    these   charges   been 


the  qiULiUij  (ailed  I  coulomb. 


■  It  In  only  sztmiooatni  '>^ 
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negative,  the  product  ^  x  ^  would  have  had  a  —  value, 
and  the  answer  would  have  come  out  as  minus  3  dynes. 
The  presence  of  the  negative  sign,  therefore,  prefixed  to 
a  force,  will  indicate  that  it  is  a  force  of  attraction,  whilst 
the  4-  sign  would  signify  a  force  of  repulsion. 

The  intensity  of  an  electric  field  (Art.  266)  being 
measured  by  the  force  it  exerts  on  a  unit  charge,  it  at  once 
follows  that  at  a  distance  of  r  (in  air)  from  a  charge  q  the 
intensity  of  the  electric  field  due  to  that  charge  will  be 
q/r^.  If  the  intervening  medium  be  not  air,  but  have  a 
specific  dielectric  capacity  k,  the  field  will  be  only  q/kr^^ 

263.  Potential.  —  We  must  next  define  the  term 
potential,  as  applied  to  electric  forces ;  but  to  make  the 
meaning  plain  a  little  preliminary  explanation  is  necessary. 
Suppose  we  had  a  +  charge  on  a  small  insulated  sphere 
A  (see  Fig.  144),  placed  by  itself  far  from  all  other 
electric  charges  and  conductors.  If  we  were  to  bring 
another  positively-charged  body  B  near  it,  A  would  repel 
B.  But  the  repelling  force  would  depend  on  the  quantity 
of  the  new  charge,  and  on  the  distance  at  which  it  was 


A 


P           Q 

B" 

B' 

o — e~" 

-Q 

Q- 

Fig.  144. 

placed.  Suppose  the  new  charge  thus  brought  near  to  be 
one  +  unit ;  when  B  was  a  long  way  off  it  would  be 
repelled  with  a  very  slight  force,  and  very  little  work 
need  be  expended  in  bringing  it  up  nearer  against  the 
repelling  forces  exerted  by  A ;  but  as  B  was  brought 
nearer  and  nearer  to  A,  the  repelling  force  would  grow 
greater  and  greater,  and  more  and  more  work  would  have 
to  be  done  against  these  opposing  forces  in  bringing  up 
B.  Suppose  that  we  had  begun  at  an  infinite  distance 
away,  and  that  we  pushed  up  our  little  test  charge  B  from 
B'  to  B"  and  then  to  Q,  and  so  finally  moved  it  up  to  the 
point  P,  against  the  opposing  forces  exerted  by  A,  we 
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ahoald  have  liad  to  spend  k  Mrtain  anKMint  of  rort;  Utftt 
nork  represents  the  petailiai*  at  tbt  poiat  P  due  to  A. 
For  the  followiog  is  the  dejimliim  of  electric  petentul :  — 
The  polenliai  at  ang  pmni  ia  Uu  tnrrt  riot  mtuf  be  apati 
upon  a  unit  of  fi^itvce  elet^ieilg  in  bringing  it  up  to  that 
pmntfrom  an  infnilt  diiiaace.  Had  the  chargt  on  A  been 
«  —  cbai^,  the  force  noald  have  been  one  of  attraction, 
in  which  ca«e  we  ebonld  have  iheoreticallv  to  measure 
the  potential  Rt  P,  either  bv  the  opposite  process  of  placing 
there  a  ■+  unit,  Hiid  Uien  renioviug  it  to  an  infinite  dis- 
tance against  the  attractive  forces,  or  else  bT  measuring 
the  amount  of  work  which  would  be  done  ^y  a  +  unit  in 
being  attracted  up  to  P  from  an  infinite  distance. 

It  can  be  shown  that  where  there  are  more  electrified 
liodies  than  one  to  be  considered,  the  potential  due  to 
them  at  any  point  ia  the  sum  of  the  potentials  (at  that 
point)  of  each  one  takeu  separately. 

It  can  also  be  shown  that  the  potential  at  a  point  P, 
near  an  electrified  particle  A,  is  equal  to  the  quantity  of 
electricity  at  A  divided  by  the  distance  between  A  and  P. 
Or,  if  the  quantity  be  called  g,  and  the  distance  r,  the 
potential  is  7  -=-  r.  f 


Call  distancs  AP  =  r,  and  AQ  =  r'.  Then  PQ  =  r'  —  r.  The 
difference  of  potential  betivei^n  Q  and  P  is  the  work  done  In 
movinga-H  unit  from  Q  to  P  against  the  force;  and  slnoa 
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work  =  (average)  force  X  distance  through  which  it  is 
overcome 
Vp-VQ=/(r'-r). 

Force  at  P  exerted  by  q'  on  a  +  unit  =  g/r^, 
and  the  force  at  Q  exerted  by  g  on  a  +  unit  =  q/r'^. 

Suppose  now  that  the  distance  PQ  be  divided  into  any  number 

(/t)  of  equal  parts  rri,  r\r<iy  r<ir^^ ''n-i^'* 

The  force  2Xr  =  q/r'^. 
'«  '«    ri  =  q/ri^  ....  etc. 

Now  since  ri  may-  be  made  as  close  to  r  as  we  choose,  if  we 
only  take  n  a  large  enough  number,  we  shall  commit  no  serious 


Fig.  145. 

error  in  supposing  that  r  X  ri  is  a  fair  mean  between  r^  and  r^ ; 

hence  we  may  assume  the  average  force  over  the  short  length 

q 
from  r  to  r\  to  be  -—• 

Hence  the  work  done  in  passing  from  rx  to  r  will  be 


=  ^(n-r) 


-0-^) 


On  a  similar  assumption,  the  work  done  in  passing  from  r^  to 
ri,  will  be 

=  q\ —  I ,  and  that  done  from  ro  to  r^  will  be 

=  of J ,  etc.,  giving  us  n  equations,  of  which  the 

last  will  be  the  work  done  in  passing  from  r'  to  r^.i 

Adding  up  all  these  portions  of  the  work,  the  intermediate 
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valaea  of  r  cancol  out,  and  wo  get  foe  the  work  done  in  passiug 
from  Q  ti)  P 

Next  auppoao  Q  to  be  an  lufinlte  distance  fcoDi  A.    Here 
r'  —  Infinity,  and  ~  =  0.    In  tliat  caae  the  equation  Iwcomes 


If  there  are  a  number  of  electrified  particles  at  different 
distajices  from  F,  the  separate  values  of  the  jioteiitial  q/r 
due  to  each  electrified  particle  separateiy  can  be  found, 
and  therefore  the  potential  at  P  can  it  found  by  dioiding  the 
quantitij  nf  each  charge  by  its  distance  from  the  point  P,  and 
then  adding  up  together  the  separate  amounti  so  obtained. 
The  symbol  V  is  generally  used  to  represent  potential. 
The  potential  at  P  we  will  call  Vp,  then 


or 


This  expression  Sfl/f  represents  the  work  done  on  or  by 
a.  unit  of  +  electricity  when  moved  up  to  the  given  point 
P  from  an  infinite  distance,  according  as  the  potential  at 
P  is  positive  or  negative. 

264,  Zero  Potential.  —  At  a  place  infinitely  distant 
from  all  electrified  bodies  theie  would  be  no  electric  forces 
and  the  potential  would  be  zero.  For  purposes  of  conven- 
ience it  is,  however,  usual  to  consider  the  potential  of  the 
earth  aa  an  arbitrary  zero,  just  as  it  is  convenient  to  con- 
sider  "sea-level"  as  a  zero  front  which  to  measure  heights 
or  depths  {see  Art.  269). 

265.  Difference  of  Potentials.  —  Since  potential  repre- 
sents the  work  that  must  be  done  on  a  +  unit  in 
bringing  it  up  from  an  infinite  distance,  the  difference  of 
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pottTilial  between  two  points  is  the  mark  to  be  done  on 
or  bs  a  +  unit  of  electricity  in  carrying  it  from  one  point 
to  the  other.  Thus  if  Vp  representa  the  pot«utial  at  P, 
and  Vq  the  potential  at  another  point  Q,  the  dLfferenea  o£ 
potentials  Vp  —  Vq  denotes  tlia  work  done  in  moving  up 
the  +  unit  from  Q  t-o  P.  It  is  to  be  noted  that  since  this 
value  depends  only  on  the  values  of  the  potential  at  P 
and  at  Q,  and  not  on  the  values  at  intermediate  points, 
the  work  done  will  be  the  same,  whatever  the  path  along 
which  the  particle  moves  from  Q  to  P.  In  the  same  way 
it  ia  true  that  the  expenditure  of  energy  in  lifting  n 
pound  (against  the  earth's  attraction)  from  one  point  to 
another  on  a  higher  level,  will  be  the  same  whatever  the 
path  along  which  the  pound  is  lifted. 

266.  Electric  Force.  — The  definition  of  "work"  ia 
the  product  of  the  force  overcome  into  the  distance 
through  which  the  force  is  overcome ;  or  work  =  force 
X  diatance  through  which  it  is  overcome. 

Henoe,  if  the  difference  of  potential  between  two  points 
is  the  work  done  in  moving  up  our  +  unit  from  one 
point  to  the  other,  it  follows  that  the  average  electric 
force  between  those  points  will  be  found  by  dividing  the 
work  BO  done  by  the  distance  between  the  points;   or 


PQ 


-=f  (the  average  electric  force  along  the  line 


PQ).  The  (average)  electric  force  is  therefore  the  rate 
of  change  of  potential  per  unit  of  length.  If  P  and  Q 
are  near  together  the  force  will  he  practically  uniform 
between  P  and  Q.  The  term  electromotive  intensity  is 
sometimes  used  for  the  force  in  an  electric  field. 

We  may  represent  this  intensity  of  the  electric  field 
by  supposing  the  number  of  electric  lines  per  square 
centimetre  to  be  drawn  to  represent  the  number  of  dynes 
of  force  on  a  +  unit  placed  at  the  point. 

287.  Eqnlpotential  Surfaces.  —  A  charge  of  elec- 
tricity collected  on  a  amah  sphere  acts  on  external  bodies 
as  if  the  charge  were  all  collected  into  one  point  at  its 
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centre.*  We  have  seen  that  the  force  exerted  by  such  a 
charge  falls  off  at  a  distance  from  the  hall,  the  force 
becoming  less  and  less  as  the  square  of  the  distance 
increases.  But  the  force  is  the  same  in  amount  at  all 
points  equally  distant  from  the  small  charged  sphere. 
And  the  potential  is  the  same  at  all  paints  that  are 
equally  diataiit  from  the  charged  sphere.  If,  iu  Fig.  145, 
the  point  A  represents  the  sphere  charged  with  q  units  at 


lis. !«. 

electrioit;,  then  the  potential  at  F,  which  we  will  call 
Vp,  will  be  eqnal  to  (//r,  where  r  is  the  distance  from  A 
to  P.  But  if  we  take  any  other  point  at  the  same  dis- 
tance from  A  its  potential  will  also  be  (//r.  Now  aU  the 
points  that  are  the  same  distance  from  A  as  P  is,  will  be 
found  to  lie  upon  the  surface  of  a  sphere  whoso  centre  is 
at  A,  and  which  is  represented  by  the  circle  drawn  through 
P,  in  Fig.  lie.  All  round  this  circle  the  potential  will 
hare  equal  values;  hence  this  circle  represents  an  eqnl- 
potential  surface.  The  work  to  be  done  iu  bringing  up 
a  +  unit  from  an  infinite  distance  will  be  the  same,  uo 


no  Inngsr  be  dlBMbnlii]  unfj 
thit  ff«  h&ve  said.  In  doscrlb 


tia  diiUnrm  bgtvsgn  t 


\itlaet.    It  la  tor  t 


matter  what  point  of  thiu  equiputential  surface  it  is 
brought  to,  and  to  move  it  about  from  one  point  to 
another  in  the  equipotential  surface  requires  no  further 
overooniing  of  the  electrical  forces,  and  involves  thei'eiore 
no  further  expenditure  of  work.  At  another  distance, 
B&y  &t  the  point  Q,  the  potential  will  have  another  value, 
and  through  this  poitit  Q  another  equipotential  surface 
may  be  drawn.  Suppose  we  chose  Q  ho  far  from  P  that 
to  push  up  a  unit  of  +  electricity  against  the  repelling 
force  of  A  required  the  expenditure  of  just  one  erg  of 
work  (for  the  definition  of  one  erg  see  the  Note  on  Units 
at  the  end  of  this  lesson) ;  there  wUl  be  then  unit 
difference  of  potential 'hutween  theaui-face  drawn  through 
Q  and  that  drawn  through  P,  and  it  will  require  one 
erg  of  work  to  carry  a.  +  unit  from  any  point  on  the  one 
surface  to  any  point  on  the  other.  lu  like  manner  we 
might  construct  a  whole  si/slem  of  equipoteutia!  surfaces 
about  the  point  A,  choosing  them  at  such  distances  that 
there  should  he  unit  difference  of  potential  between  each 
one  and  the  nest.  The  widths  between  them  would  get 
wider  and  wider,  for,  since  the  force  falls  off  as  you 
go  farther  from  A,  you  must,  in  doing  one  erg  of  work, 
bring  up  the  -f  unit  through,  a  longer  distance  against 
the  weaker  opposing  force. 

The  form  of  the  equipotential  surfaces  about  two  small 
electrified  bodies  placed  near  to  one  aiiotlier  would  not 
be  spherical;  and  around  a  number  of  electrified  bodies 
placed  near  to  one  another  the  eqnipotentiul  surfaces 
would  be  higlily  complex  in  form. 

268,  Lines  of  Force.  — The  electric  force,  wliether 
of  attraction  or  repulsion,  always  acts  across  the  equi- 
potential  surfaces  iii  a  direction  normal  to  the  surface. 
The  lines  which  mark  the  direction  of  the  resultant 
electric  forces  are  sometimes  called  lines  of  electric  force. 
In  the  case  of  the  single  eleuti'ified  sphere  the  lines  of 
force  would  be  straight  lines,  radii  of  the  system  of  equi- 
potential  sphereit.    In  general,  however,  tines  of  force  are 
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curved;  in  thia  case  the  resultant  force  at  any  point 
would  be  in  the  direction  of  the  tangent  to  the  curve  at 
that  point.  Two  lines  of  force  cannot  out  one  another, 
for  it  id  impossible ;  the  resultant  force  at  a  point  cannot 
act  in  two  directions  at  once.  The  positive  direction 
along  a  line  of  force  is  tliat  direction  in  which  a  small 
positively-charged  body  would  be  impelled  by  the  electric 
force  if  free  to  move.  A  space  hounded  hy  a  number  of 
lines  of  force  is  sometimes  spoken  of  aa  a  lulie  o/Jbret. 
All  the  space,  for  example,  round  a  small  insulated 
electrified  sphere  may  be  regarded  as  mapped  out  into  a 
number  of  conical  tubes,  each  having  their  apex  at  the 
centre  of  the  sphere.  The  total  electric  force  exerted 
acrosa  any  section  of  a  tube  of  force  is  constant  wherever 
the  section  be  taken. 

269.  PotentUl  witMn  a  Closed  Conductor.— The 
experiments  related  in  Arts.  32  to  36  prove  most  con- 
vincingly that  there  is  no  electric  force  ineide  a  closed 
conduclor  due  to  charges  oviside  or  on  ike  surface  of  the  eon- 
duclor.  Now  we  have  shown  above  that  electric  force  is 
the  rate  of  change  of  potential  per  unit  of  length.  If 
there  is  no  electric  force  there  is  no  change  of  potential. 
The  potential  witiiin  a  closed  conductor  (for  example,  a 
hollow  sphere)  due  to  charges  outside  or  on  tlie  surface 
is  therefore  the  same  all  over  the  interior ;  the  same  as 
the  potential  of  the  surface.  The  surface  of  a  cloterl  con- 
ductor is  necessarilt)  an  eqmpolential  surface.  If  it  wei'e 
not  at  one  potential  there  would  be  a  flow  of  electricity 
from  the  higher  potential  to  the  lower,  which  would 
instantaneously  establish  equilibrium  and  reduce  the 
whole  to  one  potential.  The  student  should  clearly  dis- 
tinguish between  the  surface-density  at  a  point,  and  the 
potentittl  at  that  point  due  to  neighbouring  charges  of 
electricity.  We  know  that  when  an  electrified  body  is 
placed  near  an  insulated  conductor  the  nearer  and  farther 
portions  of  that  conductor  exhibit  induced  charges  of 
opposite  kinds.    Yet  all  is  at  one  potentiaL    If  the  -|- 
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and  —  charges  on  the  conductor  had  not  separated  by 
a  movement  of  electricity  from  one  side  to  the  other, 
a  difference  of  potential  would  exist  between  those  sides 
because  they  are  at  diSerent  distances  from  the  electri- 
fied body.  But  that  is  a  state  of  affairs  which  conid 
not  continue  in  the  conductor,  for  the  difference  of 
potential  would  cause  electricity  to  flow  until  the  com- 
biued  potential  due  to  the  electrified  body  and  the  charges 
at  the  opposite  sides  waa  the  same  at  every  jioiiit  in  the 
conductor. 

The  potential  at  any  point  in  a  conducting  sphere 
(hollow  or  solid)  due  to  an  electrified  particle  A,  situated 
at  a  point  outside  (Fig.  US),  is  equal  to  the  quantity  of 
electricity  5  at  A  divided  by  the  distance  between  A  aud 
the  centre  of  the  spliere.  For  if  B  be  the  centre  of  the 
sphere,  the  potential  at  B  due  to  g  is  q/r,  where  r  =  AB ; 
but  all  points  in  the  sphere  are  at  the  same  potential, 
therefore  th^  are  all  at  the  potontial  q/r. 

The  earth  is  a  large  conducting  sphere.  Its  potential, 
due  to  a  positive  charge  q  near  to  its  surface,  is  q/r, 
where  r  may  be  taken  as  the  radius  of  the  earth ;  that 
U  639,000,000  centimetres.  But  it  is  impossible  to  pro- 
duce a  -I-  charge  g  witliout  generating  also  an  equa] 
negative  charge  —  7;  so  the  potential  of  the  earth  due 
to  both  charges  is  g/r  —  q/r  —  0  (see  Art.  264). 

270.  Law  of  Inveiae  Squares.  —  An  important  con- 
sequence follows  from  the  absence  of  electric  force  inside 
a  closed  conductor  due  to  a  charge  on  its  surface ;  this 
fact  enables  us  to  demonstrate  the  necessary  tiiith  of  the 
"  law  of  inverse  squares  "  which  was  first  experimentally, 
though  roughly,  proved  by  Coulomb  with  the  torsion 
I  balance.  Suppose  a  point  P  anywhere  inside  a  hollow 
sphere  charged  with  electricity  (Fig.  147).  The  charge 
is  uniform  all  over,  and  the  quantity  of  electricity  on 
any  small  portion  of  ita  surface  will  be  proportional  to 
the  area  of  that  portion.  Consider  a  small  portion  of  the 
surface  AB.     The  charge  on  AB  would  repel  a  -t-  unit 
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placed  at  P  with  a  certain  force.  Now  draw  the  lines 
AD  ami  BC  tliruugh  P,  and  regard  theae  aa  mappiDg  out 
a  small  conical  surface  o£  two  sheets,  having  its  apex  at 
P;  the  small  area  CD  wiD 
repre^nt  the  end  of  the 
oppoaed  cone,  iind  the  elec- 
tricity on  CD  will  also  act  on 
the  +  unit  placed  at  P,  and 
repel  it.  Now  these  surfaces 
Ali  and  CD,  and  the  charges 
oil  thera,  will  be  directly  pro- 
portioual  to  the  aguares  of 
their  respective  distances 
from  P.  If,  then,  the  forces 
which  they  exercise  on  P 
;  another  (as  experiment  shows 
they  Jo),  it  is  clear  that  the  electric  force  must  fall  off 
inoersetji  as  the  squaret  of  Ihe  distancea;  for  the  whole 
surface  of  the  sphere  can  be  mapped  out  similarly  by 
imaginary  cones  drawn  through  P.  The  reasoning  can 
be  extended  also  to  hollow  conductors  of  any  form. 

271.  Capacity.  —  In  Lesson  IV.  the  student  was 
given  some  elementary  notions  on  the  subject  of  the 
Capacity  of  conductors.  We  are  now  ready  to  give  the 
precise  definition.  The  Electrostatic  Capacity  of  a  con- 
ductor is  measured  by  Me  quantity  of  ekctricitij  which  muxi 
be  imparled  to  it  in  order  to  raise  its  potential  from  zero  to 
unity.  A  small  conductor,  such  as  an  insulated  sphere 
of  the  sii^e  of  a  pea,  will  not  want  so  much  as  one  unit 
of  electricity  to  raise  its  potential  from  0  to  1 ;  it  is 
therefore  of  small  capacity  —  while  a  large  sphere  will 
reciuire  a  large  quantity  to  raise  its  potential  to  the  same 
degree,  and  would  therefore  be  said  to  be  of  large  capacity. 
If  K  stand  for  capacity,  and  Q  for  a  quantity  of  electricity, 
K  =  %  and  KV  =.  Q. 


This  is  equivalent  to  sajiu 


ords  that  the  quantity 


I 
I 


of  electricity  neceasory  to  oliarge  a  given  oonductor  to 
a  given  potential,  is  numerically  equal  to  the  product  of 
the  capacity  into  the  potential  through  which  it  ia  mised. 
The  capacity  of  au  insulated  body  13  affected  by  the  pres- 
ence of  neighbouring  conductors.  Whenever  we  speak 
of  the  capacity  of  a  body,  we  mean  of  that  body  when 
iiolaltd  as  well  as  insulated. 

272.  TJnit  of  Capacity. —  A  conductor  that  required 
only  one  unit  of  electricity  to  raise  ita  potential  from  0  to 
1,  would  be  eaid  to  possess  unit  capacity.  A  sphere  one 
ceutimetre  in  radius  poasesBes  unit  capacity;  for  if  it  be 
charged  with  a  quantity  of  one  unit,  this  charge  will 
act  as  if  it  were  collected  at  its  centre. 
At  the  surface,  which  is  one  centimetre 
away  from  the  centre,  the  potential, 
which  is  measured  as  q/r,  will  be  I. 
Hence,  as  1  unit  of  quantity  raises  it  to 
unit  1  of  potential,  the  sphere  posaesses 
unit  capacity.     The  capacities  of  splieres  pig.  its, 

(aolaled  in  air)  are  proporlionai  to  their 
radii.  We  may  imagine  the  charge  q  (Fig.  IW)  being 
brought  nearer  and  nearer  the  sphere  until  it  reaches  the 
surface,  then  r  becomes  the  radius  of  the  s 
may  turther  imagine  the  surface  completely  covered 
witij  little  quantities  y,  so  as  to  have  a  total  charge  Q 
uniformly  distributed.  Each  little  quantity  would  give 
to  the  sphere  a  potential  q/r;  the  total  potential  of  the 
sphere  due  to  the  charge  (j  on  its  surface  would  be  Q/r, 
The  greater  the  sphere  the  less  would  be  the  potential 
at  any  point  in  it  due  to  the  same  charge  Q.  Thus  it 
would  be  necessary  to  give  a  charge  of  1041  units  to  a 
sphere  of  100  centimetres'  radius  in  ' 
potential  to  unity.  It  therefore  has  a  capacity  of  100. 
The  earth  has  a  capacity  of  about  G30  millions  (in  electro- 
static units}.*  It  is  almost  impossible  to  calculate  the 
capacities  of  conductors  of  other  shapes.    It  must  be  noted 
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that  the  capacity  of  a  sphere,  as  given  above,  meaiis  its 
capacity  ivheii  far  ruiiioved  from  other  conductors  or 
charges  of  electricity.  The  capacity  of  a.  conductor  is 
increased  by  bringing  near  it  a  charge  of  an  opposite  kind; 
for  tlie  potential  at  the  surface  of  the  conductor  is  the  sum 
of  the  potential  due  to  its  own  chai'ge,  and  of  the  potential 
of  opposite  sign  due  to  tlie  neighbouring  cliarge.  Ueiioe, 
to  bring  up  the  resultant  iwleiitial  to  unity,  a  larger 
quantity  of  electricity  must  be  given  to  it;  or,  in  other 
words,  its  capacity  is  greater.  Tliia  is  the  true  ivay  of 
regarding  the  action  of  Leydeu  jars  and  other  condensers, 
and  must  be  remembered  by  tlie  student  when  lie  advances 
to  the  consideration  of  the  theory  of  condenser  action,  io 
Lesson  XXII I. 

273.  Surface-Density."  —  Coulomb  applied  this  term 
to  denote  the  amount  of  electrification  per  unit  of  area 
at  any  point  of  a  surface.  It  waa  mentioned  in  Lesson 
lY.  that  a  charge  of  electricity  was  never  distributed 
uniformly  over  a  conductor,  except  in  the  cose  of  an 
insulated  sphere.  Where  the  distribution  is  unequal,  the 
density  at  any  point  of  the  surface  may  be  expressed  by 
considei'iug  the  quantity  of  electricity  which  exists  upon 
a  suibU  unit  of  area  at  that  point.  If  Q  be  the  quantity 
of  electricity  on  the  small  surface,  and  S  be  the  area  of 
that  small  surface,  then  the  surface-density  (denoted  by 
the  Greek  letter  p)  will  be  given  by  the  equation. 
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Iq  dry  air,  the  limit  to  the  possible  electrification  is 
reached  when  the  density  reaches  the  value  of  about  20 
units  of  electricity  per  square  centimetre.  If  charged  to 
a  higher  degree  than  this,  the  electricity  escapes  in 
"sparks"  and  "brushes"  into  the  air.  In  the  case  of 
uniform  distribution  over  a  surface  (as  with  the  sphere, 
and  as  approsimately  obtained  on  a  flat  disk  by  a  par- 
ticular device  known  as  a  guard-ring),  the  density  is 
fouud  by  dividing  the  whole  quantity  of  the  charge  by 
the  whole  surface. 

274.  Surface-Density  on  a  Sphere.  —  The  surface 
of  a  sphere  whose  radius  is  r,  is  4jir^.  Hence,  if  a 
charge  Q  be  imparted  to  a  sphere  of  radius  r,  the  surface- 
density   all   over  will   bo   p  =  ■         ;  or,  if  we  know  the 

ijrr' 
surface-density,   the    quantity    of    the    charge    will    be 
Q  =  4,rr'p. 

The  surface-density  on  Iwo  spheres  joined  by  a  thin 
wire  is  an  important  case.  If  the  spheres  are  unequal, 
they  will  share  the  charge  iu  proportion  to  their  capacities 
(see  Art.  40),  that  is,  in  proportion  to  their  radii.  K  the 
spheres  are  of  radii  2  and  1,  the  ratio  of  their  charges 
will  also  be  as  3  to  1.  But  their  respective  densities  will 
be  found  by  dividing  the  quantities  of  electricity  on  each 
by  their  respective  surfaces.  But  the  surfaces  are  pro- 
portional to  the  squares  of  the  radii,  i.e.  as  4  : 1 ;  hence, 
the  densities  will  be  as  1  :  2,  or  inverseli/  as  the  radii. 
Now,  if  one  of  these  spheres  be  very  small — no  bigger 
than  a  point  —  tlis  density  on  it  will  be  relatively 
immensely  great,  so  great  that  the  air  particles  in 
contact  with  it  will  rapidly  carry  off  the  charge  by 
convexioii.  Tbie  explains  the  action  of  pcints  in  dis- 
charging, conductors,  noticed  in  Chapter  I.,  Arts.  38,  45, 
and  47. 

275.  Electric.  Images  —  It  can  be  shown  mathe- 
matically that  a  +  ij  units  of  electricity  are  placed  at  a 
point  near  a  non-iusulated  conducting  sphere  of  radiua 
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r,  at  a  distance  d  from  its  centre,  the  negative  induced 
charge  will  be  equal  to  —  qr/d,  and  will  be  distributed 
over  the  nearest  part  of  the  surface  of  the  sphere  with  a 
surface-density  inversely  proportional  to  the  cube  of  the 
distance  from  that  point.  Lord  Kelvin  pointed  out  that, 
so  far  as  all  external  points  are  concerned,  the  potential 
due  to  this  peculiar  distribution  on  the  surface  would 
be  exactly  the  same  as  if  this  negative  charge  were  all 
collected  at  an  internal  point  at  a  distance  of  r  —  r^/d 
behind  the  surface.  Such  a  point  may  be  regarded  as  a 
virtual  image  of  the  external  point,  in  the  same  way  as  in 
optics  we  regard  certain  points  behind  mirrors  as  the 
virtual  images  of  the  external  points  from  which  the  rays 
proceed.  Clerk  Maxwell  has  given  the  following  defini- 
tion of  an  Electric  Image:  —  An  electric  image  is  an 
electrified  point,  or  system  of  points,  on  one  side  of  a  surface^ 
which  would  produce  on  the  other  side  of  that  surface  the 
same  electrical  action  which  the  actual  electrification  of  that 
surface  really  does  produce.  If  the  sphere  is  not  connected 
to  earth,  and  were  unelectrified  before  +  q  was  brought 
near  it,  we  may  find  the  surface- density  at  any  point  by  the 
following  convention.  Imagine  that  there  are  coexisting 
on  the  sphere  two  charges,  —  rq/d  and  -f  rq/d  respec- 
tively, the  first  being  distributed  so  that  its  surface-density 
is  inversely  proportional  to  the  cube  of  the  distance  from 
the  electrified  point,  and  the  second  being  uniformly 
distributed.  The  actual  surface-density  is  the  algebraic 
sum  of  these  two.  A  +  charge  of  electricity  placed  1 
inch  in  front  of  a  flat  metallic  plate  induces  on  it  a  nega- 
tive charge  distributed  over  the  neighbouring  region  of 
the  plate  (with  a  density  varying  inversely  as  the  cube 
of  the  distance  from  the  point) ;  but  the  electrical  action 
of  this  distribution,  so  far  as  all  points  in  front  of  the 
plate  are  concerned,  would  be  precisely  represented  by 
its  "image,"  namely,  by  an  equal  quantity  of  nega- 
tive electricity  placed  at  a  point  1  inch  behind  the 
plate.    Many  beautiful  mathematical  applications  of  this 
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method  have  been  made,  euabliug  the  diBtribution  to  be 
calculated  in  difficult  cases,  as,  for  example,  the  distri- 
bution of  the  charge  on  the  inner  surface  of  a  hollow 

276.  Force  near  a  Cliarged  Sphere. — It  was  shown 
above  that  tin;  quantity  of  electricity  Q  upon  a  sphere 
charged  until  its  surface-density  was  p,  was 

Q  =  4irrV 
The  problem  is  to  find  the  force  exercised  by  this 
charge  upon  a  +  unit  of  electricity,  placed  at  &  point 
infinitely  near  the  surface  of  the  sphere.  The  charge  on 
the  sphere  acts  as  if  at  its  centre.  The  dii^tance  between 
the  two  quantities  ia  therefore  r.    By  Coulomb's  Law  the 

Iorce/= — ^  =  — y^  =  in-p. 

This  important  result  may  be  stated  in  words  as 
follows:  —  The  force  (in  dynes)  exerted  by  a  charged  inhere 
upon  a  tinil  of  electricity  placed  injinitebj  near  to  its  surface, 
is  TiMmerically  equal  to  4ir  limes  the  surface-density  of  tkt 
charge. 

277,  Force  near  a  Charged  Plate  of  indefinite  size. — 
Suppose  a  plate  of  indefinite  esrtent  to  be  charged  so 
that  it  has  a  surface- density  p.  This  surface-density 
will  be  uniform,  for  the  edges  of  the  plate  are  supposed 
to  be  so  far  off  as  to  exercise  no  influence.  It  can  be 
shown  that  the  force  exerted  by  such  a  plate  upon  a  + 
unit  anywhere  near  it,  will  be  expressed  (in  dynes)  ntimeri- 
cally  as  lirp.  This  will  he  of  opposite  signs  on  opposite 
sides  of  the  plate,  being  +  2irp  on  one  aide,  and  —  2wp 
on  the  other  side,  since  in  one  case  the  force  tends  to 
move  the  unit  from  right  to  left,  in  the  other  from  left 
to  right.  It  is  to  be  observed,  therefore,  that  the  force 
changes  its  value  by  the  amount  of  inp  as  the  point 
passes  thi'ough  the  surface.  The  same  was  true  of  the 
charged  sphere,  where  the  force  outside  was  Atrp,  and 
inside  was  zero.    The  same  is  true  of  all  charged  sui- 
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faces.    These  two  propositions  are  of  the  iitmost  impor- 
tance in  the  theory  of  Electrostatics. 

278.  Proof  of  Tbeorem.  —  The  elementary  geometri- 
cal proof  is  as  follows :  — 

Required  the  Electric  Force  at  point  at  any  diiCance/rom  a 

plane  of  infinite  extent  charged  to  tur/ace-deitrlty  p. 

Let  P  be  the  point,  anil  PX  or  a  the  normal  to  the  plane. 

Take  any  mnall  cone  having  its  apex  at  P.     Let  the  solid  angle 

of  this  eouu  be  u\  let  lis  length  be  r;  and  e  Iho  angle  its  axis 


makes  with  a.  Thei^one  meets  the  surface  of  the  plane  obUqoel;, 
and  it  an  ortliogonal  suction  bo  tnnile  where  it  nieeta  the  plane, 
the  angle  between  tliese  sections  will  be  —  0. 

„  ..,  orthogonal  area  of  Boction 

Now  solid  angle  u  is  by  definition  =  — — "= -5 

Hence,  area  of  oblique  section  ==  r«<o  X  r^^l 

.■.  charge  011  obliqno  section  =  — ~\ 


Hence  if  a  +  nnit 
exerted  on  this  by  t 


t  electricity  we 
x  Bmall  change 


e  placed  at  F,  the  force 
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But  the  whole  surface  of  the  plane  may  be  similarly  mapped 
out  into  small  surfaces,  all  forming  small  cones,  with  their  sum- 
mits at  P.  If  we  take  an  infinite  number  of  such  small  cones 
meeting  every  part,  and  resolve  their  forces  in  a  similar  way, 
we  shall  find  that  the  components  along  the  plane  will  neutral- 
ize one  another  all  round,  while  the  normal  components,  or  the 
resolved  forces  along  a,  will  be  equal  to  the  sum  of  all  their  solid 
angles  multiplied  by  the  surface-density ;  or 

Total  resultant  force  along  a  =  2«p. 

But  the  total  solid  angle  subtended  by  an  indefinite  plane  at 
a  point  is  27r,  for  it  subtends  a  whole  hemisphere. 

.  • .  Total  resultant  force  =  2irp. 

279.  Electric  Stress  in  Medium.  —  In  every  electric 
field  (Art.  13)  there  exists  a  tension  along  the  lines  of 
electric  force  accompanied  by  an  equal  pressure  in  all 
directions  at  right  angles  to  the  lines.  If  F  stands  for 
the  resultant  electric  force  on  a  +  unit  placed  at  any 
point  in  the  field  (i.e.  the  "electromotive  intensity"  at 
that  point),  the  tension  will  be  equal  to  F^/Stt  (dynes  per 
square  centimetre).  In  media  having  dielectric  capacities 
greater  than  unity  the  tension  is  proportionately  greater. 
For  the  optical  effects  of  these  stresses  see  Art.  525. 


NOTE  ON  FUNDAMENTAL  AND  DERIVED  UNITS 

280.  Fundamental  Units.  —  All  physical  qualities,  such  as 
force,  velocity,  etc.,  can  be  expressed  in  terms  of  the  three 
fundamental  quantities:  length,  mass,  and  time.  Each  of  these 
quantities  must  be  measured  in  terms  of  its  own  units. 

The  system  of  units,  adopted  by  almost  universal  consent, 
and  used  throughout  these  lessons,  is  the  so-called  "Centi- 
metre-Gramme-Second "  system,  in  which  the  fundamental 
units  are:  — 

The  Centimetre  as  a  unit  of  length ; 

The  Gramme  as  a  unit  of  mass ; 

The  Second  as  a  unit  of  time. 

The  Centimetre  is  equal  to  0-3937  inch  in  length,  and  nomi- 
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nally  represents  one  thousnnil-miUiontb  pnrt,  or  joiaaiaim  "'  ^ 
qunilraut  af  the  earth. 

The  ^fetre  is  100  eonti metres,  or  3!f37  iiichea. 

The  Kilomeliv  U  1000  metrna,  or  ahnut  1093(1  yards. 

The  MillimetrB  la  i^  at  a  coutiinetrc,  or  003037  Inch, 

The  Gramme  repreBents  the  mass  of  a  cubic  centimetre  of 
water  at  4''C.,  thU  U  equal  to  15'432  grains:  the  Kilogramme  U 
1000  grammes  or  ahont  3'Z  puunds. 


Area,  —  The  unit  of  area  is  the  sqvnre  centimetre. 

Volume.  —  The  unit  of  volume  ia  the  cubic  centimetre. 

Velooily.^The  unit  of  velocity  is  the  velocity  of  a  hody 
which  moves  tlimagh  unit  distnnce  in  unit  time,  or  tha 
velocitj/  qf  one  centimetre  per  second  ■ 

Acceleration.  —  The  tinit  nf  acceleratioti  is  that  acceleration 
which  imparts  uulC  velocity  to  a  hody  In  unit  time,  or 
an  acceleration  of  one  centlmetre-per-Becond  per  second. 
The  acceleration  due  to  gravity  imparls  in  one  second  a 
velocity  considerably  greater  than  this,  for  the  velocity 
it  imparts  to  falling  bodies  Is  about  il81  ceotimetres  per 
second  (or  about 322 feet peraecond).  The  valiiediffera 
slightly  In  different  latitudes.  At  Greenwich  tbe  value 
ot  the  accoloratlon  of  gravity  ia  y  =  OSl'l ;  at  the  Equa- 
tors(  =  978-l;  at  the  North  Pole  ff  =  fl83-l. 

Foree.  —The  unit  of  force  Is  that  foree  whitb,  acting  (or  one 
BBcand  on  a  mass  of  one  gramme,  gives  to  It  a  velocity 
of  one  centimetre  per  second.  It  is  called  one  Dyne. 
The  force  with  which  the  earth  attracts  any  mass  is 
uBoally  called  the  "  weight "  of  that  mass,  aud  its  value 
□bvlously  difTers  at  different  points  of  the  earth's  sur- 
face. The  force  with  which  a  hody  gravitates,  {.e.  Ita 
weight  (in  dyues),  ia  found  by  multiplying  its  mass  (In 
grammes)  by  the  value  of  g  at  the  particular  place  where 
the  force  is  exerted.  One  pound  force  in  Englaud  la 
about  41S,000  dynes. 

Work.  —  The  unit  of  work  is  the  worli  done  In  overcoming 
unit  force  through  unit  distance,  i.e.  in  pushing  a  hody 
through  a  distance  of  one  ceutlmetre  against  a  force  of 
one  dyne.  It  is  called  one  Erg.  Since  the  "  weight "  of 
one  gramme  Is  1X0X1  or  081  dynes,  the  work  of  raislDg 
one  gramme  tlirough  the  height  of  one  centimetre  against 
the  force  of  gravity  Is  081  ergs, 

^iHfj-tfi/.  — The  unit  of  energy  Is  also  the  erj;  tor  tbe  energy 
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flent.  — The  unit  o!  heat,  the  cnliirie,  is  the  amount  of  heat 
required  tj>  warm  mie  gramme  mass  of  water  from  0"  to 
1°  (C.)  ;  andthBdynamiealeqaiTnlentof  thiaamouut  of 
heat  is  42  mill  ion  ergi,  which  Is  the  value  of  Joule 's  equi- 
valent, as  expressed  lii  C.G.S.  measure  (see  also  Art.  439). 
These  units  are  sometimes  called  "absolute"  units;  the 
term  absolute,  introduced  by  Qauss,  meaning  that  they  are 
independent  of  the  size  of  auy  particular  iustrumeut,  or  of  the 
value  of  gravUy  at  any  particular  place,  or  of  any  other  arbi- 
trary quantities  than  the  three  standards  of  length,  muss,  and 
time.    It  is,  however,  preferable  to  refer  lo  them  hy  the  more 
appropriate  name  of  "  C.U.S.  uuita,"  as  being  derived  from  the 
centimetre,  the  gramme,  and  tlie  second. 

282.  Electrical  Units.  -^  There  are  two  systems  of  elwtrica) 
units  derived  from  the  fundamental  "C.Q.S."  units,  one  aet 
being  based  npou  the  force  exerted  between  two  quantities  of 
electricity,  and  the  other  upon  the  force  exerted  between  two 
magnet  poles.  The  former  set  are  termed  electrostatic  units,  the 
latter  eleclro-inagnelic  units.  The  important  relatlou  between 
the  two  sets  is  explained  in  Ait.  3S9. 

2B3.  Electrostatic  Units.  —  No  special  names  have  been 
assigned  to  the  electrostatic  units  of  Quantity,  Potential, 
Capacity,  etc.  The  Teasons  for  adopting  the  following  values 
as  uniCa  are  given  either  in  Chapter  1.  or  in  the  present  chapter. 

Unit  0/  Quantity,  — The  unit  of  quantity  is  that  quantity 
o[  electricity  which,  when  placed  at  a  distance  of  one 
centimetre  (la  air)  from  a  similar  and  equal  qoanljty, 
repels  It  with  a  force  of  one  dyne  (Art.  2ti2) , 

Fotentiai,  —  Potential  being  measured  liy  mork  duue  in  mov- 
ing a  unit  ol  -|-  electricity  against  the  electric  forces,  the 
unit  of  potential  will  be  measured  by  the  unit  of  work, 
the  erg. 

Unit  Difference  of  Potential.  — V^At,  diffareuce  of  putontiul 
exists  between  two  points,  when  It  requires  the  expemU- 
tare  of  one  erg  of  work  to  bring  a  +  unit  of  electricity 
[ram  one  point  to  the  other  against  the  electric  force 
(Art.  305). 

UTiit  of  Ciipniiity.  — That  conductor  poaaesaea  unit  capacity 
which  requires  a  charge  of  one  unit  of  electricity  tu 
bring  It  up  tu  unit  potential.  A  sphere  of  one  centi- 
metre radius  possesses  unit  capacity  (Art.  272). 

Specific  Induclioe  Capacity,  or  Dielectric  Co^dent,  is  de- 
fined In  Art.  295  as  the  ratio  between  two  quantities  of 
electricity.    The  specific  indoutlve  capacity  of  the  aii' 
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is,  la  the  aliaence  of  auy  knnwledge  of  its  absnlate 
Tslae,  tnkea  as  oait;. 
Electromolive  InteiuHy  is  the  electric  force  or  intenaltj-ot  an 
electric  field  at  any  polut,  and  is  meiLBured  by  the  force 
which  it  exectB  on  a  unit  chaise  placed  at  that  point. 
It  may  be  convenient  here  to  append  the  rules  for  re- 
ducing to  their  corresponding  valnea  in  terms  of  the  prac- 
tical (eiectro-magnetic)  units  values  that  may  have  lieen 
"  "n  terms  of  the  electrostatic  units,  as  follows;  — 


Potential.  To  hring  to  volU  mnltiply  by  300. 

Capaaty.  To  hriag  to  microfaradt  divide  by900,000. 

Qnanliiy.  To  bring  to  cou(pm6«  divide  by  3  x  10°. 

Cimvitt.  To  being  to  amperet  divide  by  3  x  I0». 

Raiilance.  To  bring  to  ohmi  multiply  by  9  x  lOn, 


of  aao  dynes  (-  r 


rsfljua. 


D'IIMNHHW34I  coulamb. 


■notlier  vltb  a  tone 
Kr\ghl  of  10  enUng).  By  Ibe  lin  or 
t  the  cbnrife  on  each  is- 1004  (eleatM- 


284.  DlmBnsions  of  Units.  — It  has  been  BBsumed  Above 
that  a  velocity  can  be  expressed  in  centimetres  per  second ;  [or 
velocity  is  rate  of  change  of  place,  and  It  is  clear  that  if-ohange 
of  place  may  be  measured  as  n  leuRtb  in  cenCImelrcs,  the  rale 
of  change  of  place  will  be  measured  by  the  number  of  centi- 
metrns  through  which  the  body  moves  in  unit  of  time.  It  is 
impossible,  indeed,  to  express  a  velocity  without  regarding  it  m 
the  quotient  of  a  certain  number  of  units  of  length  divided  by 
a  certain  number  of  units  of  time.    In  other  words,  a  velocity 

a  leugth 
=    •  ,(—-   1  or,  adopting  L  as  a  symbol  for  length,  and  T  aa  a 

symbol  for  time,  V  =  -,  which  la  still  more  convenleiilly  written 
V  =  LxT-'.  In  a  similar  way  accelerntion  being  rate  of 
change  of  velocity,  we  have  A  =  -  =  — rp —  —  ^s  —  !■  ^  T-'. 

Now  these  physical  quantities, "  velocity  "  and  "  acceleration." 
are  respectively  always  quantities  ot  the  same  nature,  no  matter 
whether  the  contimetre,  ot  the  inch,  or  the  mile,  be  taken  as  the 
unit  of  loriEth,  or  the  second  or  any  other  interval  be  taken  ai 
the  unit  of  time,  Heuce  we  say  Ibat  these  abstract  equations 
express  the  ilimengions  of  those  quantities  with  taapoct  to  the 
londamental  quantities  length  and  time.    A  little  consideratios 
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will  show  the  student  that  the  dimensions  of  the  various  units 
mentioned  above  will  therefore  be  as  given  in  the  table  below. 

The  dimensions  of  magnetic  units  are  given  in  the  Table  in 
Art.  350,  p.  348. 

Table  of  Dimensions  of  Units. 


Units. 

Dimensions. 

I 

tn 
t 

{FundamentaV) 

Length 

Mass 

Time 

L 
M 

T 

V 

a 

f 

{Derived) 

Area             =               L  x  L                       = 
Volume         =               L  X  L  X  L                 = 
Velocity        =               L-r-T                         = 
Acceleration  =  velocity  -r  time                       = 
Force            =  mass  x  acceleration                = 
Work             =  force  x  length                         = 

L» 

L» 

LT~* 

LT-* 

MLT~* 

ML«T-* 

q 

• 

t 

V 

II 
c 

k 
F 

{Electrostatic) 

Mi  iJ  T-* 

mUSt-* 

M^L^T-* 

L-»Ti 

L 

a  numeral 

Mi  Li  T-* 

(Quantity                ='^ force  x  (distance)'        = 
Current                 =  quantity  -r-  time              = 
Potential                =  work  -r  quantity             = 
Resistance             =  potential -r- current         = 
Capacity                =  quantity  -f-  potential       = 
Sp.  Ind.  Capacity  =  quantity  t-  another  quantity 
Electromotive  Intensity  =  force  -r  quantity  = 

Lesson  XXII.  — Electrometers 

285.  In  Lesson  11.  we  described  a  number  of  electro- 
scopes or  instruments  for  indicating  the  presence  and 
sign  of  a  charge  of  electricity ;  some  of  these  also  served 
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to  indicate  roaghly  the  amooiit  of  tbese  charges,  but 
none  of  them  save  the  torsion  balance  could  be  regarded 
an  »lfordiiig  an  accurate  means  of  nieasiiriiig  eitlmr  the 
quantitg  or  the  piilential  of  a  given  charge.  An  inalru- 
menC  for  measuring  differences  of  electrostatic  potential  is 
termed  an  Electrometei.  Such  iiiatrunieuts  can  also  be 
uaed  to  nieaaure  electric  quantity  indirectly,  for  the 
quantity  of  a  churge  cau  be  ascertained  by  measuring 
Che  potential  to  which  it  can  raise  a  conductor  of  known 
capacity.  The  earliest  electrometers  attempted  to  meas- 
ure the  quantities  directly.  Lane  and  Snow  Harris 
coustructed  "  Unit  Jara "  or  small  Leyden  jars,  which, 
in  ordi^r  to  measure  out  a  certain  quantity  of  electri- 
city, were  cliarged  and  discharged  a  certain  number  of 

S86.  Repulsion  Electrometers.  —  The  torsion  balance, 
described  in  Art.  Id,  measures  quantities  by  measuring 
the  forces  exerted  by  the  charges  given  to  the  fixed  and 
movable  balls.  It  can  only  be  applied  to  the  meaaure- 
ment  of  repelling  forces,  for  the  etiuilibrium  is  unstable 
in  the  case  of  a  force  of  attraction. 

Beside  the  gold-leaf  electroscope  and  others  described 
in  Lesson  11.,  there  exist  several  finer  electrometers  based 
upon  the  principle  of  repulsion,  some  of  which  resemble 
the  torsion  balance  in  having  a  movable  arm  turning 
about  a  central  axis.  Amongst  these  are  the  electrometers 
of  Dellmann  and  of  Peltier.  In  the  latter  a  light  arm 
of  aluminium,  balanced  upon  a  point,  carries  also  a  small 
magnet  to  direct  it  in  the  magnetic  meridian.  A  fixed 
arm,  in  metallic  contact  with  the  movable  one,  also  lies 
in  the  magnetic  meridian.  A  charge  imparted  to  this 
instrument  produces  a  repulsion  between  the  fixed  and 
movable  arms,  causing  an  angular  deviation.  Here,  how- 
ever, the  force  is  measured  not  by  being  pitted  against 
the  torsiou  of  an  elastic  fibre,  or  against  gravitation,  but 
against  the  directive  magnetic  force  of  the  earth  acting 
on  the  small  needle.    Now  this  depends  on  the  intensity 
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of  the  horizontal  component  of  the  earth's  magnetism 
at  the  place,  on  the  magnetic  moment  of  the  needle, 
and  on  the  sine  of  the  angle  of  its  deviation.  Hence, 
to  obtain  quantitative  values  for  the  readings  of  this 
electrometer,  it  is  necessary  to  make  preliminary  experi- 
ments and  to  "calibrate"  the  degree-readings  of  the 
deviation. 

287.  Attracted  -  Disk  Electrometers.  —  Snow  Harris 
was  the  first  to  construct  an  electrometer  for  measur- 
ing the  attraction  between  an  electrified  and  a  non- 
electrified  disk;  and  the  instrument  he  devised  may 
be  roughly  described  as  a  balance  for  weighing  a  charge 
of  electricity.  More  accurately  speaking,  it  was  an  in- 
strument resembling  a  balance  in  form,  carrying  at  one 
end  a  light  scale  pan;  at  the  other  a  disk  was  hung 
above  a  fixed  insulated  disk,  to  which  the  charge  to  be 
measured  was  imparted.  The  chief  defect  of  this  instru- 
ment was  the  irregular  distribution  of  the  charge  on  the 
disk.  The  force  exerted  by  an  electrified  point  falls  off 
inversely  as  the  square  of  the  distance,  since  the  lines 
of  force  emanate  in  radial  lines.  But  in  the  case  of  a 
uniformly  electrified  plane  surface,  the  lines  of  force  are 
normal  to  the  surface,  and  parallel  to  one  another ;  and 
the  force  is  independent  of  the  distance.  The  distribu- 
tion over  a  small  sphere  nearly  fulfils  the  first  of  these 
conditions.  The  distribution  over  a  flat  disk  would 
nearly  fulfil  the  latter  condition,  were  it  not  for  the 
perturbing  effect  of  the  edges  of  the  disk  where  the 
surface -density  is  much  greater  (see  Art.  88);  for 
this  reason  Snow  Harris's  electrometer  was  very  im- 
perfect. 

Lord  Kelvin  introduced  several  very  important  modifi- 
cations into  the  construction  of  attracted-diak  electro- 
meters, the  chief  of  these  being  the  employment  of  the 
"  guard-plate "  and  the  providing  of  means  for  work- 
ing with  a  definite  standard  of  potential.  It  would  be 
beyond  the  scope  of  these  lessons  to  give  a  complete 
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la  forma  of  ftttracted-disk 
priucipbs  of  them  all  cau 


description  of  nil  tlie 
electrometer ;  •  but  the 
be  readily  explained. 

The  disk  C,  whose  attraetioa  is  to  be  measured,  is 
suspended  (Fig.  150)  within  a  fixed  guard-plate  B,  which 
surrounds  it  without  touching  it,  and  which  is  placed  in 
metallic  contact  with  it  by  a  fine  wire.  A  Lever  L 
supports  the  disk,  and  is  furnished  with  a  counterpoise. 
In  ordpr  to  know  whotiier  the  ilisk  is  precisely  level  with 
the  lower  surface  of  the  guard-plate  a  little  gauge  or  Index 


is  fljted  above,  and  provided  with  a  lens  i  to  o 
indications.  Beneath  the  disk  and  guard-plate  is  a  second 
disk  A,  supported  on  an  insulating  stand.  This  lower 
disk  can  be  raised  or  lowered  at  will  by  a  microme(er 
screw,  great  care  being  taken  in  the  mechanical  anange- 
nients  that  it  shall  always  be  parallel  to  the  plane  of  the 
guard-plate.  Now,  since  the  disk  and  guard-plate  are  in 
metallic  coiineiion  with  one  another,  they  form  virtually 
part  of  one  surface,  aud  as  the  irregularities  of  distribution 
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occur  at  the  edges  of  the  surface,  the  distribution  over  the 
area  of  the  disk  is  practically  uniform.  Any  attraction  of 
the  lower  plate  upon  the  disk  might  be  balanced  either  by 
increasing  the  weight  of  the  counterpoise,  or  by  putting  a 
torsion  on  the  aluminium  wire  which  serves  as  a  fulcrum ; 
but  in  practice  it  is  found  most  convenient  to  obtain  a 
balance  by  altering  the  distance  of  the  lower  plate  until 
the  electric  force  of  attraction  exactly  balances  the  forces 
(whether  of  torsion  or  of  gravity  acting  on  the  counter- 
poise) which  tend  to  lift  the  disk  above  the  level  of  the 
guard-plate. 

The  theory  of  the  instrument  is  simple  also.  Let  V^ 
represent  the  potential  of  the  movable  disk,  which  has  a 
positive  charge  of  surface-density  p,  and  let  Vg  be  the 
potential  of  the  fixed  plate,  upon  which  is  a  charge 
of  surface-density  —  p.  The  dift'erence  of  potential 
Vj  —  Vg  is  the  work  which  would  have  to  be  done  upon 
a  unit  of  positive  charge  in  taking  it  from  Vg  to  V^. 
Now  the  force  upon  such  a  unit  placed  between  the  two 
plates  would  be  (an  attraction  of  2  irp  due  to  the  fixed 
plate,  and  a  repulsion  of  2  Trp  due  to  the  movable  plate, 
see  Art.  278)  altogether  4  Trp,  and  if  the  distance  between 
the  plates  were  D.     Work  =  force  x  distance. 

If  S  is  the  area  of  the  movable  plate,  Sp  is  the  total 
quantity  of  electricity  on  it;  therefore  it  would  be 
attracted  by  the  fixed  plate  with  a  force  F  =  2  Trp  x  Sp. 
From  this  we  get 


-4 


2  7rS 
Substituting  this  value  of  p  in  the  above  equation,  we  get 


v,-v,  =  dV^. 


s 

If  F  is  measured  in  dynes,  S  in  square  centimetres,  and 
D  in  centimetres,  the  potentials  will  be  in  absolute  electro- 


272  ELECTHICITT   AND   MAGNETISM      i-akt  ii 

static  units,  and  must  be  multiplied  bj  300  to  bring  to 
vntti  (see  Art.  283). 

From  this  we  gather  that,  if  the  force  F  remaios  the 
Bame  throughout  the  eiperiioenta,  the  <Ufference  of  poten- 
tiiiU  belrneen  the  'tisk's  inill  be  simplg  proportional  to  the  iliii- 
lance  heUeeen  Iheni  when  the  disk  is  in  level  equilibrium. 

And  the  quautity  \— ?—  "my  be  determined  ooce  for 

all  as  a  "  constant "  of  the  instrument. 

In  the  more  elaborate  forms  of  the  instrument,  such 
as  the  "  absolute  electrometer,"  and  the  "  portable 
electrometer,"  the  disk  and  guard-plate  are  covered 
with  a  Tiietallic  cage,  and  are  together  placed  in  oom- 
uiunication  with  a  condenser  to  keep  them  at  a  known 
poteutial.  This  obviates  having  to  make  measurements 
with  zero  reatlings,  for  the  diff'erencefi  of  potential  will 
now  be  proportional  to  differences  of  m 


=  (D,-D,)V5|S. 


The  condenser  is  provided  in  these  instruments  with 
a  gauge,  itself  an  attracted  dbk,  to  indicate  when  it  is 
charged  to  the  right  potential,  and  with  a  repleniaher  to 
increase  or  decreiise  the  charge,  the  repleniaher  being  a 
little  influence  machine  (see  Art.  50). 

288.  The  Quadrant  Electiometei.  —  The  Quadi-ant 
Klectroraeter  of  Sir  W.  Thomson  is  an  example  of  a 
different  class  of  electrometers,  iu  which  use  is  made  of 
an  auxiliary  cfiarge  of  electricity  previously  imparted  to 
the  needle  of  the  instrument.  The  needle,  which  con- 
sists of  a  thin  flat  piece  of  aluininium  hung  horizontally 
by  a  fibre  of  thin  wire,  thus  charged,  say  poaitiyely,  will 
be  attracted  by  a  -  charge,  but  rejielled  by  a  +  charge. 
Such  attraction  or  repulsion  will  be  stronger  in  proportion 
to  these  charges,  and  in  proportion  to  the  charge  on  the 
needle.   Four  quadraut-piecea  (Fig.  151)  of  brass  are  fixed 
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horizontally  below  the  needle  without  touching  it  or  one 
another.  Opposite  quadranta  are  joined  with  fine  wires. 
If  quadranta  1  and  3  are  ever  so  little  +  as  aompared 
with  quadrants  3  and  4,  the  needle  will  turn  away  from 
the  former  to  a  position  more  nearly  over  the  latter. 

If  there  is  the  slightest  ditference  of  potential  between 
the  pairs  of  quadrants,  the  needle,  which  is  held  in  its 
zero  position  by  the  elasticity  of  the 
wire,  will  tuni,  and  so  indicate  the 
difference  of  potential.  When  these 
deflexions  are  small,  the  scale  rowings 
will  be  very  nearly  proportional  to  the  I 
difference  of  potential.  The  instru- 
ment is  sufficiently  delicate  to  show  a 
difference  of  potential  between  the 
quadranta  as  small  as  the  ^  of  that  "*'' 

of  the  Daniell's  cell.  If  Vj  be  the  potential  of  one  pair  of 
quadrants,  V,  that  of  the  other  pair,  and  V,  the  potential 
of  the  needle,  the  force  tending  to  turn  will  be  proportional 
to  V|  — Vj,  and  will  also  be  proportional  to  the  differenoe 
between  Vj  and  the  average  of  V^  and  V^  Or,  in 
symbotat 


where  a  is  a  constant  depending  on  the  construction  of 
the  particular  instrument. 

Fig.  153  shows  a  very  simple  form  of  the  Quadrant 
Electrometer,  as  arran^'ed  for  qualitative  experiments. 
The  four  quadrants  are  enclosed  within  a  glass  case,  and 
the  needle,  which  carries  a  light  mirror  M  below  it,  ia 
suspended  from  a  torsion  head  C  by  a  very  thin  metallic 
wire  F.  It  is  electrified  to  a  certain  potential  by  being 
connected,  through  a  wire  attaclied  to  C,  with  a  charged 
Leyden  jar  or  other  condenser.  In  order  to  observe  the 
minutest  motions  of  the  needle,  a  reading-telescope  and 
scale  are  so  placed  that  the  observer  looking  through  the 
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tek'scope  sees  nil  image  of  the  Kero  of  tlie  scale  reflectei) 
in  tliB  iittlo  mirror.  The  wires  coimectiiig  quadranta  1 
and  3,  2  and  4,  ure  seen  above  the  top  of  the  case. 

For  vi:ry  exact  measure meuts  maiiy  additional  reftne- 
troduced  into  the  instrument.  Two  sets  of 
quadianls  are  employed,  an  up{ter  and  a,  tower,  having 
the  needle  between  thecn.  The  torsion  wire  ia  replaced 
by  a  delicate  bifilar  aiispension  (Art.  130). 
To  keep  up  the  chfirge  of  the  Ijeydeu  jar  a 
"  replenisher  "  is  added ;  and  an  "  atti-acted- 
disk,"  like  that  of  the  Abaolnte  Eleutro- 
nieter,  is  employed  in  order  to  act  as  a 
gange  to  iuJicate  wlien  the  jar  ia  charged 
to  the  right  potentinl.  In  these  forma  the 
jar  consists  of  a  ghiaa  vessel  placed  below 
tlie  quadrants,  coaUid  externally  with  stripB 
of  tinfoil,  ami  containing  strong  sulphuric 
acid,  which  aervea  the  double  function  of 


keeping  the  apparatus  dry  by  absorbing  the  moisture 
and  of  acting  an  an  internal  coating  for  tlie  jar.  It  is 
also  more  usual  to  throw  a  spot  of  ligiit  from  a  lamp 
upon  a  scale  by  means  of  the  little  mirror  (as  described  in 
tiie  cose  of  the  Mirror  Galvanometer,  in  Art.  21.^),  than 
to  adopt  the  subjective  method  with  the  telescope,  which 
only  one  person  at  a  tiitie  can  nse.  When  the  instrument 
ia  provided  with  replenisher  and  gauge,  the  measureiuentB 
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can  be  made  iti  lermsof  iibsolult;  uiiit'i,  ]irtividt?iill[L'  "coii- 
atant "  of  the  pnrticuliir  inatriiiiietit  (deiiendiiif;  on  tlie 
Huapeiiflion  of  tlie  rieedli^,  size  ami  positiipu  ot  needle  and 
quadruiits,  potential  of  the  gauge,  etc.)  is  once  ascertained. 

289.  Use  of  Qusdiant  Electrometer.  —  Ati  example  will 
illiiatrate  the  mudu  □{  usiii);  the  iDstrQmeut.  It  is  known  that 
when  the  two  ends  of  a  thin  wire  are  kept  at  two  different 
potentiala  a  current  flows  through  the  wire,  and  that  it  tlie 
potential  ia  measured  at  difierent  points  along  the  wire,  it  is 
toiiDd  to  fall  off  in  a  perfectly  nniform  manner  from  the  end 
that  IB  at  a  liigh  potential  down  to  that  at  the  low  potential.  At 
B  point  one  quarter  along  the  potential  wiU  have  fallen  oS  one 
quarter  of  the  whole  difference.  This  conld  be  proved  hy  juhi- 
ing  the  two  eiiils  of  tlie  wire  through  which  the  current  was 
flowing  to  tlie  terminals  of  the  Quadrant  Electrometer,  when  one 
pair  of  quadrants  would  be  at  the  high  potential  and  the  other 
at  the  low  potential.  The  needle  would  turn  and  inilicate  a  cer- 
tain defleiioit.  Now,  discoimect  one  of  the  pairs  of  quailranls 
from  the  low  iK>teDtial  end  of  the  wire,  and  place  them  in  com- 
mnnJcation  with  a  point  one  quarter  along  the  wire  from  the 
high  potential  end.  Tile  needle  will  at  once  indicate  that  the 
difference  of  potential  is  but  one  quarter  of  what  it  was  hefore. 

Often  the  QnadraoC  Electrometer  is  employed  simply  as  a 
very  delicate  electroscope  in  systems  of  meaHuremeut  in  which 
a  difference  of  electric  potential  is  measured  by  being  balanced 
against  an  equal  and  opposite  difference  of  potential,  eiaet  bal- 
ance being  indicated  by  there  being  no  deflexion  of  the  Electru- 
nuster  needle.  Such  methods  of  experimenting  are  known  as 
NuU  Methods,  or  Zero  Methods. 

290.  Electrostatic  Voltmeter.  —  We  have  seen  that 
in  the  quadrant  electrometer  it  is  neeeasary  to  give  the 
needle  a  high  initial  elinrge,  the  rsasou  being  that  if 
there  did  not  exist  between  the  quadrants  and  the  needle 
a  miwh  greater  difference  of  potential  than  the  sniaU 
voltage  wB  are  ineasiiring,  the  force  tending  to  turn  the 
needle  would  be  too  small  to  be  convonietitly  observed. 
Where,  however,  we  are  dealing  with  high  differences  of 
potential  a  separately-charged  needle  is  not  requisite; 
we  may  simply  join  one  conductor  to  the  needle  and 
the   other  to  a  set   of   quaidrants,   and    the    force  of 
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I,  which,  other  things  being  uqual,  i 
the  Bquare  of  tbu  difEereitce  of  pot«iiti»l,  is  eulficientty 
grcut  to  give  reliable  readings.    This 
in  known  as  the  idioslalie  method  ol 
using  the  instrument. 

A  front  view  of  the  instrument  aa 
commonly  used  to  meaaure  diiferencea 
of  potential  of  1000  volts  o 
shown  in  Fig.  153.  The  needle  KN 
i:i  a  paddle-shaped  plate  of  alur 
supported  by  knife  edges  at  ita  centre  i 
its  [.losition  is  controlled  by  gravity, 
little  weights  being  hung  on  a  projec- 
tion at  its  lower  end.  The  quadrants 
Q  are  both  behind  and  in  front  of  it, 
1  If.  1'*  and  so  placed  that  when  a  difference 

of  potential  exists  between  the  needle  and  them  the 
needle  is  deflected  from  its  normal  position  and  moves 
its  point«r  over  a  graduated  scale. 

It  will  be  seen  that  it  does  not  matter  whether  the 
needle  ia  positively  charged  and  the 
quadrants  negatively  charged  or  vice 
versA :  an  attraction  between  the  twi 
will  always  take  place,  ho  a  deflpiioi 
will  be  given  even  when  the  differ- 
ence of  potential  is  rapidly  alternate 
ing.  This  property  of  the  instnmient 
makes  it  exceedingly  useful  for  the 
measurement  of  voltage  when  altei^ 
nating  currents  are  used. 

Another  advantage  of  this  inatru- 
nient  over  the  Jiigh-resistance  galva- 
nometers that  are  used  as  voltmeters  is, 
that  it  does  not  take  any  current,  and  con- 
sequently it  doen  not  waste  any  power.  "  "*  ~" 

In  order  to  make  the  electrostatic  voltmeter  sufficiently 
delicate  to  measure  down  to  100  volte  or  so,  a  number  of 
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needles  is  placed  horizontally  one  above  the  other  on 
a  vertical  aluminium  wire,  and  attracted  by  a  tier  of 
quadrants  symmetrically  placed  on  each  side ;  this  instru- 
ment is  Lord  Kelvin's  multicellular  voltmeter.  It  is  shown 
in  elevation  and  plan  in  Fig.  154. 

291.  Dry-Pile  Electrometer.  —  The  principle  of  sym- 
metry observed  in  the  Quadrant  Electrometer  was  pre- 
viously employed  in  the  Electroscope  of  Bohnenberger 
—  a  much  less  accurate  instrument  —  in  which  the  charge 
to  be  examined  was  imparted  to  a  single  gold  leaf,  placed 
symmetrically  between  the  poles  of  a  dry-pile  (Art.  193) 
toward  one  or  other  pole  of  which  the  leaf  was  attracted. 
Fechner  modified  the  instrument  by  connecting  the  + 
pole  of  the  dry-pile  with  a  gold  leaf  hanging  between 
two  metal  disks,  from  the  more  +  of  which  it  was  re- 
pelled. The  inconstancy  of  dry-piles  as  sources  of  electri- 
fication led  llankel  to  substitute  a  battery  of  a  very  large 
number  of  small  Daniell's  cells. 

292.  Capillary  Electrometers.  —  The  Capillary  Elec- 
trometer of  Lippmann,  as  modified  by  Dewar,  was  de- 
scribed in  Art.  253. 


Lesson  XXIII.  —  Dielectric  Capacity,  etc. 

293.  A  Ley  den  jar  or  other  condenser  may  be 
regarded  as  a  conductor,  in  which  (owing  to  the  particu- 
lar device  of  bringing  near  together  the  two  oppositely- 
charged  surfaces)  the  conducting  surface  can  be  made  to 
hold  a  very  large  charge  without  its  potential  (whether 
-I-  or  —  )  rising  very  high.  The  capacity  of  a  condenser, 
like  that  of  a  simple  conductor,  will  be  measured  (see 
Art.  271)  by  the  quantity  of  electricity  required  to  pro- 
duce unit  rise  of  potential. 

294.  Theory  of  Spherical  Condenser.  —  Suppose  a 
Leyden  jar  made  of  two  concentric  metal  spheres,  one 
inside  the  other,  the  space  between  them  being  filled 
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by  air.     The  iuiior  one,  A,  will  represent  the  interior 

coating  of  tinfoil,  and  the 
outer  8i)here,  B  (Fig.  155),  will 
represent  the  exterior  coating. 
I^t  the  radii  of  these  spheres 
be  r  and  r'  respectively.  Sup- 
pase  a  charge  of  Q  units  to  be 
imparted  to  A ;  it  will  induce 
on  the  inner  side  of  B  an  equal 
•N"  negative  charge  —  Q,  and  to 
the  outer  side  of  B  a  charge 
+  Q  will  be  repelled.  This 
latter  is  removed  by  contact 
with  "  earth,"  and  need  be  no 
further  considered.  The  po- 
tential *  at  the  centni  M,  calculated  by  the  rule  given  in 
Art.  2(5:5,  will  be 

V    -^i      ^i 


V\^,  l.V). 


At  a  point  N,  outside  the  outer  sphere  and  quite  near  to 
it,  the  potential  will  be  the  same  as  if  these  two  charges, 
+  Q  and  —  Q,  were  both  concentrated  at  M.     Hence 


So  then  the  difference  of  potentials  will  be 


-17-  -.1-  yZ  -\; 

Vm  —    >N  —  — ; 


^«(^0> 


whence 


Q 


rr 


Vm  —  V'n      r'  — 


N 


Q 


But  by  Art.  270  the  capacity  K  =  ;=  _^, 

therefore  K  =  —, 

r'  —  r 

*  The  student  must  remember  that  as  there  Is  no  electric  force  within 
a  closed  conductor,  the  potential  at  the  middle  is  just  the  same  as  at  any 
other  point  inside. 
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Wb  see  from  tliia  formulii  that  the  capatity  of  the 
condenaer  is  piuiiovtiorial  to  the  size  of  the  metul  globes, 
and  that  ii  the  iiiauliitiiig  layer  is  very  thin,  —  that  is,  ii 
r  be  very  nearly  as  great  its  r',r'  —  t  will  heconie  very 
small,  and  the  value  of  the  expression  will  become 

very  great;  ■which  proves  the  statement  that  the  capacity 
of  a  oondeiwer  depends  upon  t!ie  ih'mnesa  of  the  layer 
of  dielectric.  If  r"  is  very  giisat  compared  with  r,  lliu 
expression  for  the  capacity  becomes  equal  simply  to  r, 
that  of  the  inner  sphere  when  isolated. 

296.  Specific  Inductive  Capacity.  —  Cavendish  was 
the  iirst  to  discover  that  the  capacity  uf  a  condenser 
depended  not  ou  il44  actual  diiuenaions  only,  but  upon  the 
mdactiae  power  of  the  material  used  as  the  dielectric  be- 
tween the  two  surfaces.  If  two  condensers  (of  any  of  the 
forms  to  be  descrilwd)  are  made  of  exactly  the  same  size, 
ind  iu  one  of  them  the  dielectric  be  a  layer  of  air,  and 
n  the  other  a  layer  of  some  other  insulating  substance, 
t  is  found  tliat  equal  tguantities  of  electricity  imparUid 
o  them  do  not  produce  equal  ilifTerences  of  potentials; 
IT,  in  other  words,  it  is  found  tliat  they  have  not  the 
same  cajiactty.  If  the  dielectric  be  mica,  for  esample,  it 
is  found  that  the  capacity  is  about  six  times  as  great;  for 
'  a  possesses  a  high  inductive  power  aud  allows  the 
transmission  across  it  of  electrostatic  influence  sis  times 
as  well  as  air  does.  The  nam^  specific  inductive  capac- 
ity,* or  dielectric  capacity,  ia  given  to  the  ratio  between 
the  capacities  of  two  condensers  equal  in  size,  o[ie  of 
them  being  an  air  cnndi^nser,  the  other  filled  with  the 
Specified  dielectric.  The  specific  biductive  capacity  of 
dry  air  at  the  temperature  0°  C,  aud  pressure  78  cen- 
timetres, is  taken  as  the  standard,  and,  in  the  absence  of 
any  known  way  of  finding  its  absolute  value,  is  reckoned 

*  Tha  Duiie  1b  not  (i  very  bappy  one.  —  induciirity  would  liavit  been 
better,  and  la  tho  uiolo^ud  temi,  IVjr  dlelecUioA,  to  the  tana  "ootiduo. 
Uvfly  "  nud  fur  iu)ndui.-turB.    Tliu  tmti  dielectric  eo^ciml  Is  iIbo  uKd 
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sed  to  deiiot*  the  dielectric 


as  uuity.     The  sjTnliol  it  is  i 
capacity  of  any  material. 

Cavendish,  about  the  year  1775,  meaaured  the  dielec- 
tric capncity  iii  glass,  bees-wax,  and  other  substances,  by 
forming  them  into  euiidensers  between  two  circular  metal 
plates,  the  capacity  of  these  condenaera  Iwing'  oompared 
with  that  of  an  air  condenser  (resembling  Fig.  42)  and 
with  other  condensers  which  he 
called  "  trial-plates." 
went  80  far  as  to  compare  the 
capacities  of  these  "  triat-plates" 
with  that  of  ail  isolated  sphere 
of  12!  inches  diameter  hun^'  tip 

2  96.  Faraday's  £zperi- 
nwnta.  —  In  1837  Faraday,  who 
did  not  know  of  the  then 
unpublished  reseai'chas  of 
Cavendish,  indepeiidaiitly  dis- 
covered B])eoific  inductive  ca- 
piicity,  and  [neasured  iU  vahie 
for  several  substances,  using  for 
this  purpose  two  condensers  of 
the  form  shown  in  Fig.  153. 
Each  consisted  of  a  brass  ball  A, 
enclosed  inside  a  hollow  sphere 
of  brass  B,  and  insulated  by  a 
long  plug  of  shellac,  up  which 
passed  a  wire  terminating  in  a 
knob  a.  The  outer  sphere  con- 
sisted of  two  parte  which  oohIiI 
be  separated  from  each  other  in  order  to  fill  the  hollow 
space  with  any  desired  material ;  the  experimental  process 
then  was  to  compare  their  capacities  when  one  waa 
filled  with  the  substance  to  be  examined,  the  other 
containing  only  dry  air.  One  of  the  condensers  was 
charged  with  electricity.     It  waa  then  made  to  share  its 
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charge  with  the  other  candeuser,  by  putting  the  two  innel 
coatings  into  metallic  communication  with  one  another ; 
the  outer  coatings  alao  being  in  communication  with  one 
another.  If  ttieir  capacities  were  equal  they  would  share 
the  charge  equally,  and  the  potential  after  contact  would 
be  just  half  what  it  was  in  the  charged  condenser  before  1 
contact.  If  the  capacity  of  one  was  greater  than  the  | 
other  the  final  potential  would  not  be  exactly  half  the 
original  potential,  because  they  would  not  share  the  charge 
equally,  but  in  proportion  to  their  capacities.  The  po- 
tentLils  of  the  charges  were  measured  before  and  after 
contact  hy  means  of  a  torsion  balance.*  Faraday's  results 
showed  the  following  values :  Sulphur,  2'26 ;  sheUao,  2'0 ; 
glass,  1-76  or  more. 

297.  Recent  Researches.  —  Siuce  1870  large  addi- 
tions to  our  knowledge  of  this  subject  have  been  made. 
Gibson  and  Barclay  meaaured  the  inductivity  of  paraffin 
wax  by  comparing  the  capacity  of  an  air  condenser 
with  one  of  paraffin  by  means  of  an  arrangement  of  slid- 
ing oondansers,  using  a  sensitive  quadrant  electrometer  to 
adjust  the  capacity  of  the  condensers  exactly  to  equably. 
Hopkinson  has  examined  the  dielectric  power  of  glass  of 
various  kinds,  using  a  constant  battery  to  produce  the 
required  difference  of  potentials,  and  a  condenser  provided 
with  a  guard-ring  for  a  purpose  simUar  to  that  of  the 
guard-ring  in  absolute  electroinelers.  Gordon  made  a 
large  number  of  observations,  using  a  delicate  apparatus 
known  as  a  statical  "inductivity  balance,"  which  is  a 
complicated  condenser,  so  arranged  in  connexion  with  a 
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quadrant  electrometer  that  when  the  capacities  of  the 
separate  porta  are  adjusted  to  equality  there  shall  be  uo 
deflexion  in  the  electrometer,  whatever  be  the  amount  or 
sign  of  the  electrification  at  the  moment.  This  arrange- 
ment, when  employed  in  conjunction  with  on  induction, 
coit  (Fig.  135)  and  a  mpid  commutator,  admits  of  the  in- 
ductive capacity  being  ineaBured  when  the  duration  of 
the  actual  charge  is  only  very  small,  the  electrification 
being  reversed  12,000  times  per  second.    Such  an  inBtni- 

mt,  therefore,  overcoitiea  one  great  difHoulty  besetting 
these  measurements,  namely,  that  owing  to  the  apparent 
absorption  of  part  of  the  charge  by  the  dielectric  (as 
mentioned  in  Art.  61),  the  capacity  of  the  substance, 
when  measured  slowly,  is  different  from   its  "instanta- 

lUS  capacity."  This  electric  absorption  is  disensHed 
further  in  Art.  2!)9.  For  this  reason  the  values  assigned 
by  different  observers  for  the  dielectric  capacity  of  various 
substances  differ  to  a  most  perplexing  degree,  especially 

ihe  case  of  the  less  perfect  insulators.  The  following 
table  summarizes  (iordon's  ohacrvations :  — 


Glass 3-013    to  3-258 

EbonitB 2*284 

Guttapercha  .  2 '462 

IndiarubbBc         ....  2-wm   to  2'*r7 

Paraffin  (solid)   ....  l-fY.m 

SheUac 274 

SnlpbuF 2-58 

Hopkinaon,  whose  method  was  a  "slow"  onB,fotmd 
for  glass  much  higher  inductive  capacities,  ranging  from 
6'5  to  101,  the  denser  kinds  having  higher  capacities. 
Mica  has  values  ranging  from  5'5  to  8.  Cavendish 
observed  that  the  apparent  capacity  of  glass  became  much 
greater  at  those  temperatures  at  which  it  begins  to  con- 
duct electricity.     Boltsmann  has  announced  that  in  the 

a  of  two  crystalline  substances,  Iceland  apar  and  buI- 
phnr,  the  inductive  capacity  is  different   in  different 
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directions,  according  to  their  position  with  respect  to  the 
axes  of  crystallization. 

298.  Dielectric  Capacity  of  Liquids  and  Gases.  — 
The  dielectric  capacity  of  liquids  also  has  specific  values, 
as  follows :  — 


Turpentine 
Petroleum 
Bisulphide  of  Carbon 


216 

2-03  to  2-07 

1-81 


Faraday  examined  the  inductive  capacity  of  several 
gases  by  means  of  his  apparatus  (Fig.  156),  one  of  the 
condensers  being  filled  with  air,  the  other  with  the  gas 
which  was  let  in  through  the  tap  below  the  sphere  after 
exhaustion  by  an  air  pump.  The  method  was  too  rough, 
however,  to  enable  him  to  detect  any  difference  between 
them.  More  recently  Boltzmann,  and  independently 
Ayrton  and  Perry,  have  measured  the  dielectric  capaci- 
ties of  different  gases  by  very  exact  methods ;  and  their 
results  agree  very  fairly. 


Boltzmann. 

Ayrton  and  Perry. 

Air 

(1) 

(1) 

Vacuum      .... 

(o-oimio) 

(0-9986) 

Hydrogen   .... 

0-91)9674 

0-9998 

Carbonic  Acid    . 

100035G 

10008 

defiant  Gas 

1-000722 

Sulphur  Dioxide 

1-0037 

The  effect  of  using  instead  of  air  a  medium  of  higher 
dielectric  power  k  is  to  change  the  forces  exerted  btitween 
charged  bodies.  For  given  fixed  charges  the  forces  vary 
inversely  as  k',  while  for  given  differences  of  potential 
between  the  bodies  the  forces  vary  directly  as  k, 

299.  Mechanical  Effects  of  Dielectric  Stress.  —  That 
different  insulating  substances  have  specific  inductive 
power  sufficiently  disproves  the  idea  that   influence  is 
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merely  an  "  action  at  a  distance,"  for  it  is  evident  that 
the  dielectric  mediuni  is  itse\i  concerned  in  the  propaga- 
tion of  inflnence,  and  that  some  media  allow  lufliience  to 
take  place  acroaa  them  better  than  others.  The  existence 
of  a  residual  charge  (Art.  61)  can  be  explained  either  on 
tlie  supposition  that  the  dielectric  ia  composed  of  hetero- 
geneous particles  which  have  unequal  conducting  powers, 
as  Maxwell  has  suggested,  or  on  the  hypothesis  that  the 
molecules  are  actually  subjected  to  a  strain  from  which, 
especially  if  the  stress  be  long-continued,  they  do  not 
recover  all  at  ance.  Kohlrausch  and  others  have  pointed 
out  the  analogy  between  this  phenomenon  and  that  of  the 
'■elastic  recovery"  of  solid  liodies  after  heijig  subjected  to 
a  bending  or  a  twisting  strain.  A  fibre  of  glass,  for 
example,  twisted  by  a  certain  force,  flies  back  when 
released  to  almott  its  original  position,  a  slight  sub-per- 
manent set  remains,  from  which,  however,  it  slowly 
recovers  itself,  the  rate  oE  its  recoTery  depending  upon 
the  amount  and  duration  of  the  original  twisting  strain. 
A  quart/  fibre  never  shows  any  sub-permanent  set.  IIop- 
kinson  has  shown  that  it  is  possible  to  superpose 
sevei-al  residual  charges,  even  chaises  of  opposite  signs, 
which  apparently  "soak  out"  as  the  strained  material 
gradually  recovers  itself.  Peri'y  and  Ayrton  have  also 
investigated  the  question,  and  have  shown  that  the 
polarization  charges  in  voltameters  exhibit  a  similar 
recovery.*  Air  condensers  exhibit  no  residual  charges. 
Nor  do  plates  of  ijuarta  cut  from  homogeneous  crystal. 
Wlien  a  condenser  is  discharged  a  sound  is  often 
heard.  This  was  noticed  by  Lord  Kelvin  in  the  case 
of  air  condensers ;  Varley  and  Dolbear  have  constructed 
telephones  in  which  the  rapid  charge  and  discharge  of 
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a  condenser  gave  rise  to  uiiiHical  tones  and  to  articulate 
speech. 

As  tothepreeisenatureof  the  molecular  or  mechanical 
operations  in  the  dielectric  when  thus  subjected  to  the 
stress  of  electrostatic  induction,  nothing  is  known.  One 
pregnant  esperiment  of  Faraday  is  of  great  importance, 
by  showing  that  induction  is,  as  he  expressed  it,  "  an 
action  of  contiguous  pniticles."  In  a  glass  trough  (Fig. 
157)  is  placed  some  oil  of  turpentine,  in  which  are  put 
some  fibres  of  dry 
silk  cut  into  small 
bits.  Two  wires  ' 
pass  into  the 
liquid,  one  of 
which  is  joinc^d 
to  earth,  the  other 
being  put  into  connexion  witli  the  collector  of  an 
eleetrieal  machine.  The  bits  of  silk  come  from  all  parts 
of  the  liquid  and  form  a  quivering  chain  of  particles  from 
wire  to  wire,  shovring  the  electric  lines  of  force.  Th^ 
at  once  disperse  if  the  electric  discharge  is  stopped. 
Faraday  regarded  this  as  t3rpical  of  the  internal  actions 
in  every  case  of  influence  across  a  dielectric,  the  particles 
of  which  he  supposed  to  be  "polarized,"  that  is,  to  be 
turned  into  definite  positions,  each  particle  having  a 
positive  and  a  negative  end.  The  student  will  perceive 
ail  obvious  analogy,  therefore,  between  the  condition  of 
the  particles  of  a  dielectric  across  which  influence  is 
taking  place,  and  the  molecules  of  a  piece  of  iron  or  steel 
when  subjected  to  magnetic  induction.  Instead  of  silk, 
crystals  of  sulphate  of  quinine  may  be  used.  Or  finely- 
divided  sulphide  of  antimony  may  be  strewn  on  the 
bottom  of  a  glass  dish  and  covered  with  a  layer  of 
petroleum,  to  show  the  eleatrie  lines  of  force. 
■  Siemens  has  shown  that  the  glass  of  a  Leyden  jar 
is  sensibly  warmed  after  lieing  several  times  rapidly 
id  discharged.     This  obviously  implies  th^ 


molecular  mi)vemi>iit  uccumpanies  tlie  c)iangen  of  dielec- 
tric stress. 

300.  Electric  Expanaion.  —  Foiitaiia  noticed  that  the 
iuterual  volume  of  a  J^yden  jar  increased  when  it  was 
charged.  Priestly  and  Volta  sought  to  explain  this  by 
suggestiug  that  the  attraction  between  the  two  charged 
surfaces  compressed  the  glass  and  caused  it  to  expand 
laterally.  Duter  showed  that  the  amount  of  apparent 
ezpausion  was  inversely  proportional  to  the  thicbneiiB  of 
the  glass,  and  varied  as  the  square  of  the  potential  differ- 
ence, tiuincke  has  recently  shown  that  though  glass 
and  some  other  insulators  exhibit  electrical  expansion, 
an  apparent  contraction  is  shown  by  resins  and  oily 
bodies  under  electrostatic  stress.  He  connects  with  these 
properties  the  production  of  optical  strain  and  of  double 
refraction  discovered  by  Kerr.  (See  Lesson  on  Electro- 
optics,  Ai't.  52.')). 

301.  Submatine  Cables  as  Condensers.  —  A  sub- 
marine telegraph  cable  may  act  as  a  condenser,  the 
ocean  forming  the  outer  coating,  the  internal  wire  the 
inner  coating,  while  the  insulating  layers  of  guttapercha 
serve  as  dielectric.  When  one  end  of  a  submerged  cable 
is  connected  to,  say,  the  ■+  pole  of  a  powerful  battery, 
electricity  (Iowa  into  it.  Before  any  signal  can  be 
received  at  the  other  end,  enough  electricity  must  flow 
in  to  charge  the  cable  to  a  considerable  potential,  an 
operation  which  may  in  the  cose  of  long  cables  require 
some  seconds.  Faraday  predictecl  that  this  retardation 
would  occur.  It  is,  in  aetual  fact,  a  serious  obstacle 
to  rapid  signalling  tlirough  Atlantic  and  other  cables. 
Professor  Fleeming  Jenidn  haa  given  the  following  ex- 
perimental demonstration  of  the  matter.  Let  a  mile  of 
insulated  cable  wire  be  coiled  up  in  a  tub  of  water 
(Fig.  158),  one  end  N  being  insulated.  The  other  end 
is  joined  up  through  a  long-coil  galvanometer  G  to  the 
-H  pole  of  a  large  battery,  whose  —  pole  is  joined  by  a 
wire  to  the  water  in  the  tub.    Directly  this  is  done,  the 
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iieedle  of  the  galvanometer  will  show  a  violeut  deflexion, 
electricity  rushing  through  it  into  tlie  iiiteiior  of  the 
cable,  and  a  —  chni-ge  being  aucuiiiuliittid  on  the  out^iJe  of 
it  where  the  water  touches  the  guttapercha.  For  perhaps 
an  hour  the  flow  will  go  on,  though  diminishiog,  until  the 
cable  is  fully  chai'ged.  Now  renjove  the  battery,  and 
instead  join  up  a  and  6  by  a  wire;  the  charge  in  the 
cable  will  rush  out  through  tlie  galvanometer,  which  will 


show  an  opposite  deflexion,  and  the  residual  charge  will 
continue  "soaking  ont"  for  a  long  time. 

Long  laud-lines  carried  overhead  also  possess  a  measuf' 
able  capacity,  and  tend  to  retard  the  signals. 

302.  Use  of  Condensers,  —  To  obviate  this  retarda- 
tion and  increase  the  speed  of  signalling  iu  cables*  several 
devices  are  adopted.  Very  delicate  receiving  instruments 
are  used,  requiring  only  a  feeble  current;  for  with  the 
feebler  batteries  the  actual  charge  given  to  the  cable 
is  less.  In  sonie  cases  a  key  is  euiployed  which,  after 
every  signal,  immediately  sends  into  the  cable  a  charge 
of  opposite  sign,  to  sweep  out,  as  it  were,  the  chaise  left 
behind.  Often  a  condenser  of  several  microfarads' 
capacity  is  interposed  in  the  circuit  at  each  end  of  the 
cable  to  curb  the  signal,  or  make  it  shorter  and  sharper, 
and  by  its  reaction  assist  the  discharge.  In  duplex 
cable    from   Belli  nsknlllgi 
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Bigiialling  (Art.  503)  the  reaintance  and  electrostatic  capa- 
city of  the  cable  have  to  be  met  by  balancing  gainst 
them  an  "artificial  cable  "  consisting  of  a  wire  of  equal 
resistance,  combined  with  a.  condenser  of  equal  capacity. 
Messrs.  Muirhesd  conatrneted  for  duplexing  tiie  Atlantic 
cable  a  condenser  containing  100,000  square  feet  (over 
two  acrea  of  surface)  of  tinfoil.  Condensers  are  also 
occasionall;  used  on  telegraph  lines  in  siogle  working  to 
obviate  disturbances  from  earth  currents.  They  are  con- 
structed by  placing  sheets  of  tinfoil  between  sheets  of 
mica  or  of  paraffined  paper,  alternate  sheets  of  foil  being 
connected  together.  The  paper  ia  the  finest  bank-wove, 
carefully  selected  to  be  free  from  minute  holes.  Two 
thicknesses,  drawn  through  a  bath  of  tlie  purest  para£Gn 
wax  heated  till  it  melts,  are  laid  betweeiv  each  foil  and 
the  next ;  care  being  taken  to  exclude  air  bubblei;,  When 
a  sutficient  number  have  been  assembled  hot  tiiey  are  put 
underpressure  to  cool,  and  afterwards  adjusted.  Small 
condeneera  of  similar  construction  are  used  in  connexion 
with  induction  coils  (Pig-  135). 

303.  Practical  Unit  of  Capacity.  —  Electricians  adopt 
a  unit  of  capadly,  termed  one  farad,  baaed  on  the  system 
of  electromagnetic  units.  A  condenser  of  one  farad 
capacity  would  be  raised  to  a  po- 
tential of  one  volt  by  a  charge  of 
one  coulomb  of  electricity.*  In 
practice  such  a  condenser  would  be 
too  enormous  to  be  constructed; 
the  earth  itself,  as  an  isolated 
'  sphere,  has  a  capacity  of  only 
-^-^^  of  a  farad.  As  a  practical 
unit  of  capacity  is  therefore  chosen 
'  '■"  tlio  microfarad,  or  one  millionth 

of  a  farad ;  a  capacity  about  equal  to  that  of  three  miles 
of  an  Atlantic  cable.  Condensers  of  only  J  microfarad 
capacity  are  about  equal  to  one  nautical  mile  of  cable. 
They  contain  about  1200  square  inches  of  foil.    Ths 
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dielectric  in  them  is  usually  mica,  in  thin  sheets.  Their 
general  form  is  shown  in  Fig.  159.  The  two  brass  pieces 
upon  the  ebonite  top  are  connected  respectively  with  the 
two  series  of  alternate  sheets  of  tinfoil.  The  plug  between 
them  serves  to  keep  the  condenser  discharged  when  not 
in  use. 

Methods  of  measuring  the  capacity  of  a  condenser 
are  given  in  Art.  418. 

304.  Formulse  for  Capacities  of  Conductors  and 
Condensers.  —  The  following  formula}  give  the  capacity 
of  condensers  of  all  ordinary  forms,  in  electrostatic 
units  :  — 

Sphere:  (radius  =  r.     See  Art.  271). 

K  =  r. 
Two  Concentric  Spheres:  (radii  r  and  r',  dielectric 
capacity,  k). 

K  =  k 


rr' 


r'  —  r 


Cylinder:  (length  =  /,  radius  =  r). 

K=_!_. 

r 
Two   Concentric  Cylinders:    (length  =  /,   dielectric 
capacity  =  ky  internal  radius  =  r,  external  radius 


K  =  k. 


r 


2log,- 

Circular  Disk:  (radius  =  r,  thickness  negligible). 

K  =  2  r/TT. 

Two  Circular  Disks:  (like  air  convlenser,  Art.  56, 
radii  =  r,  surface  =  S,  thickness  of  dielectric  =  b, 
dielectric  capacity  =  k). 

K  =  ^TV4  5, 
or  K  =  kS/4:  wh. 

u 
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The  latter  formula  applies  to  any  two  parallel  disks 
of  surface  S,  whether  circular  or  otherwise,  provided  they 
are  large  as  compared  with  the  distance  h  between  them. 
To  calculate  down  to  microfarads  the  numbers  given  by 
any  of  the  above  must  be  divided  by  900,000. 

305.  Energy  of  Discharge  of  Leyden  Jar  or  Con- 
denser.—  It  follows  from  the  definition  of  potential, 
given  in  Art.  263,  that  in  bringing  up  one  +  unit  of 
electricity  to  the  potential  V,  the  work  done  is  V  ergs. 
This  assumes,  however,  that  the  total  potential  V  is  not 
thereby  raised,  and  on  this  assumption  the  work  *  done 
in  bringing  up  Q  units  would  be  QV  ergs.  If,  however, 
the  potential  is  nothing  to  begin  with,  and  is  raised  to  V 
by  the  charge  Q,  the  average  potential  during  the  opera- 
tion is  only  \Y ;  hence  the  total  work  done  in  bringing  up 
the  charge  Q  from  zero  potential  to  potential  V  is  JQV 
ergs.  Now,  according  to  the  principle  of  the  conservation 
of  energy,  the  work  done  in  charging  a  jar  or  condenser 
with  electricity  is  equal  to  the  work  which  could  be  done 
by  that  quantity  of  electricity  when  the  jar  is  discharged. 
Hence  JQV  represents  also  the  energy  of  the  discharge. 

Since  Q  =  VK,  it  follows  that  we  may  write  |QV  in 

the  form  ^-^.    That  is  to  say,  if  a  condenser  of  capacity  K 

is  charged  by  having  a  charge  Q  imparted  to  it,  the  energy 
of  the  charge  is  proportional  directly  to  the  square  of  the 
quantity,  and  inversely  to  the  capacity  of  the  condenser. 

306.  Symbol  for  Condenser.  —  Electricians  use  as 
symbols  for  condensers  in  diagrams  of  electric  circuits 

those  given  in  Fig.  160. 
The  origin  of  these 
symbols  is  the  alternate 
layers  of  tinfoils.  The 
^'^•^^-  symbol    on    the     right 

suggests  six  layers  of  foil,  of  which  the  first,  third,  and 

*  If  Q  is  j,'iven  in  coulombs  and  V  in  volts,  the  work  will  be  expressed 
not  in  ergs  but  \w  joules  (Art.  354). 
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fifth  are  joined  together,  and  the  second,  fourth,  and 
sixth  are  also  joined  togetlier. 

307.  Capacities  joined  in  Parallel.  —  To  join  two 
condensers  together  in  parallel  tlie  positive  foils  of  one 
are  joined  to  the  positive  foils  of  the  other,  and  their 
negative  foils  are  also  joined  together.  In  Fig.  161  the 
two  condensers  Kj  and  K^  are  joined  in  parallel.  They 
wiU  thus  act  simply  like  one  large  condenser  of  capacity 
=  Kj  +  Kg.  Any  charge  flowing  in  on  the  +  side  will 
divide  between  the  two  in  proportion  to  their  capacities. 

If  two  equal  Leyden  jars  are  charged  to  the  same 
potential,  and  then  their  inside  and  outside  coatings  are 
resjiectively  joined,  their 
united  charge  will  be  the 
same  as  that  of  a  jar  of 
equal  thickness,  but  hav- 
ing twice  the  amount  of 
surface. 

If  a  charged  Leyden  Fig.  161. 

jar  is  placed  similarly  in 

communication  with  an  uncharged  jar  of  equal  capacity, 
the  charge  wiU  be  shared  equally  between  the  two  jars, 
and  the  passage  of  electricity  from  one  to  the  other  will  be 
evidenced  by  the  production  of  a  spark  when  the  respective 
coatings  are  put  into  communication.  Here,  however,  half 
the  energy  of  the  charge  is  lost  in  the  operation  of  sharing 
the  charge,  for  each  jar  will  have  only  JQ  for  its  charge 
and  J V  for  its  potential ;  hence  the  energy  of  the  charge 
of  each,  being  half  the  product  of  charge  and  potential,  will 
only  be  one  quarter  of  the  original  energy.  The  spark 
which  passes  in  the  operation  of  dividing  the  charge  is, 
indeed,  evidence  of  the  loss  of  energy ;  it  is  about  half  as 
powerful  as  the  spark  would  have  been  if  the  first  jar  had 
been  simply  discharged,  and  it  is  just  twice  as  powerful 
as  the  small  sparks  yielded  finally  by  the  discharge  of 
each  jar  after  the  charge  has  been  shared  between  them. 

The  energy  of  a  charge  of  the  jar  manifests  itself,  as 


ELFXTRICITY   AND   MAGNETISM 


stated  above,  by  the  production  of  a  spark  at  diflcliargej 
the  aoimd,  light,  and  heat  produced  being  the  eqairalent 
of  the  energy  stored  up.  U  discharge  is  effected  slowly 
through  a  long  thin  wire  of  high  resistance  tlie  air  spark 
may  be  feeble,  but  the  wire  may  be  perceptibly  heated. 
A  wet  string  being  a  feeble  conductor  affords  a  slow  and 
almost  silent  discharge;  here  probably  the  electrolytic 
coTidnction  of  (iie  moisture  is  accompanied  by  an  action 
resembling  that  of  secondary  batteries  (Lesson  4Q2)  tend- 
ing to  prolong  the  duration  of  the  discliarge. 

308.  Capscities  joined  in  Series.  —  If  two  condensers 
are  joineil  in  series  tliey  will  act  as  a  condenser  having  a 
lesser  capacity  than  either  of  them  separately.  Their 
joint  capacity  in  nerien  will  he  tke  reciprocal  of  the  sun*  of  the 
reciprocala  of  their  cnpiieitiei  sepiiraletff. 

Proof.  — Lei  two  (condensers  K,  and  Rj  lie  set  in  series  (Fig. 


ir,3)  lietween  two  imints  acn 

)ss  wliii'li  there  is  a  difference  of 

pilenlln]  V.    This  difference  of 

j._...v,-— ^--Vj-— H 

potentinl  will  be  dividua  between 

r^SS. 

the  two  inversely  In  proportion 

t.i  their  (■Jii.,i(.-itii!s.  seeing  that 

the  (inniitiliefi  of  electricity  that 

are  diH|il!ii-i.Nl  into  and  out  of 
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their  resppcti  ve  coatings  are  noc- 

aasarily  equal.     Or,  it  Q  be  this 

quantity,  nnd  Kg  tlie  effwti 

ve  or  joint  capacity  of  the  two 

together,  to  lind  tlie  latter,  ^ 
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=  l/U  +  lI-lim 


ifriKla  , 


309.  Charge  of  Jars  ananged  in  Cascade.  —  Fiank- 
liu  suggested  that  a  series  of  jars  might  be  arranged, 
the  outer  coating  of  one  being  coaijected  with  the  inner 
one  of  the  next,  the  oiitei'  coating  of  the  last  being  con- 
nected  to  eartli.  Tlie  object  of  this  arrangement  was  that 
the  second  jar  might  be  charged  with  tlie  electricitj 
repelled  from  the  outer  coating  of  tiie  first,  the  third  from 
that  of  the  second,  and  so  on.  This  "  cascade  "  arrange- 
ment, however,  is  of  no  advantage,  the  sum  of  the 
charges  accumnlated  in  the  series  being  only  equal  to  that 
of  one  single  jar  if  used  alone,  ['or  if  the  inner  coating 
of  the  first  jar  be  raised  to  V,  that  of  the  outer  coating  of 
the  last  jar  remaining  at  zero  in  contact  with  earth,  the 
difference  of  potential  between  the  outer  and  inner  coat- 
ing of  any  one  jar  will  be  only  -V,  where  n  is  number  of 
jars.  And  as  the  charge  i[i  each  jar  is  etjual  to  its 
capacity  K,  multiplied  by  its  potential,  the  charge  ui 
each  will  only  be  -  KV,  and  in  the  whole  n  jai's  the  total 
charge  will  be  nlKV,  or  KV,  or  equals  the  charge  of  one 
jai'  of  capacity  E  raised  to  the  same  potential  V. 


Lbssok  XXIV.  —  Phenomena  of  Discharge 

310.  Conductive  Discliarge.  —  An  electrified  conduc- 
tor may  be  discharged  in  at  least  Aree  different  ways, 
depending  on  the  medium  through  which  the  discharge 
is  effected,  and  varying  with  the  circumstances  of  the  dis- 
charge. If  the  discharge  takes  place  by  the  passage  of 
a  continuous  cnrrent,  as  when  electricity  flows  through 
a  thin  wire  connecting  the  knobs  of  an  influence  machine, 
or  joining  the  positive  pole  of  a  battery  to  the  negative 
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pole,  the  operation  is  termed  a,  "condnctive"  discharge. 
Under  aoine  circumstances  a.  conductive  discharge  takos 
the  nature  of  an  oBiiillation  to  ami  fro  (Art.  515). 

311.  DisniptiTe  Diachaige.  —  It  litis  been  slion-n 
how  influence  across  a.  iioii-couductiing  medium  is  a^lwajs 
uccoinpitnied  by  a  mechanical  stress  wpoii  the  medium  ; 
the  tension  along  the  electric  lines  of  force  increasing  as 
the  square  of  the  intensity  of  tiio  electnc  field.  If  this 
stress  is  very  great  the  non-conducting  medium  will 
suddenly  give  way  and  a.  spark  will  burst  across  it. 
Such  a  discharge  is  called  a  "  disruptive  "  discharge. 

A  very  simple  experiment  -will  set  the  matter  in  a 
clear  light.  Suppose  a  metal  ball  charged  with  +  alec- 
trifioation  to  lie  hung  by  a  ailk  string  above  a  inetal  plat« 
lying  on  the  ground.  If  we  lower  dowii  tlie  suspended 
ball  a  spark  will  pass  between  it  and  the  plate  when  they 
come  very  near  together,  and  the  ball  will  then  be  found 
to  have  lost  all  its  previous  charge.  It  was  charged  with 
a,  certain  quantity  of  electricity ;  and  as  it  had,  when 
suspended  out  of  the  range  of  other  conductors,  a  certain 
capacity  (numerically  equal  to  its  radius  in  centimetres), 
the  electricity  on  it  would  he  at  a  certain  potential 
(namely  =  Q/K),  and  the  charge  would  be  distributed 
uniformly  all  over  it.  The  plate  lying  on  the  earth 
would  be  all  the  while  at  zero  potential.  But  when  the 
suspended  ball  was  lowered  down  towards  the  plate  the 
previous  state  of  things  was  altered.  In  the  presence  of 
the  +  charge  of  the  ball  the  potential*  of  the  plate 
would  rise,  were  it  not  that,  by  influence,  just  enough 
negative  electriflcation  appears  on  it  to  keep  its  potential 
still  the  same  as  that  of  the  earth.  The  tension  in  the 
electric  field  will  draw  the  +  cliarge  of  the  ball  down- 
wards, and  alter  the  distribution  of  the  charge,  the  surface- 
density  liecoming  greater  at  the  under  surface  of  the  ball 


fleotrldtr  near  It,  divided  uch  b/  Iti 


I,  by  thci  definition 
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and  less  on  the  upper.  The  capacity  of  the  ball  will  be 
increased,  and  therefoi'e  ita  potential  will  fall  corre- 
Bpondiiigly.  The  layer  of  air  between  the  ball  and  the 
plate  is  acting  like  the  glass  of  a  Leyden  jar.  The  more 
tlie  ball  is  lowered  down  the  g^realer  is  the  acoiunulatioii 
cJ  the  opposite  kinds  of  charge  on  each  side  of  the  layer 
of  air,  and  the  tension  across  the  layer  becomes  grcatei' 
and  greater,  until  the  limit  of  the  dielectric  strength  is 
reached;  the  air  suddenly  gives  way  and  the  spark  tears 
a  path  across. 

312.  Conveetive  Discharge.  ^  A  third  kind  of  dis- 
charge, differing  from  either  of  those  above  mentioned, 
may  take  place,  and  occurs  chiefly  when  electricity  of  a 
high  potential  discharges  itself  at  a  pointed  conductor  by 
accamulating  there  with  so  great  a  density  as  to  electrify 
the  neighbouring  particles  of  air;  these  particles  then 
flying  ofE  by  repulsion,  conveying  awaypart  of  the  charge 
with  them.  Such  convective  dtscharges  may  occur  either 
in  gases  or  in  liquids,  hut  are  best  manifested  in  air  and 
other  gases  at  a  low  pressure,  in  tubes  exhausted  by  an 

The  discharge  of  a  quantity  of  electricity  in  any  of  the 
above  ways  is  always  accompanied  by  a  transformation  of 
ita  energy  into  energy  of  some  other  kind,  —  Bound,  light, 
beat,  chemical  actions,  and  other  phenomena  being  pro- 
duced.    These  effects  must  be  treated  in  detail. 

313.  length  of  Spark.  —  Generally  speaking,  the 
length  of  spark  between  two  conductors  increases  with 
the  difference  between  their  potentials.  It  is  also  found 
to  increase  when  the  pressure  of  the  air  is  diminished. 
Riess  found  the  distance  to  increase  in  a  proportion  a 
little  exceeding  that  of  the  difference  of  potentials.  Lord 
Kelvin  confirmed  this  by  measuring  by  means  of  an 
"absolute  electrometer"  (Art.  287)  the  diff'erence  of 
potential  necessary  to  produce  a  spark  discliarge  Itetween 
two  parallel  plates  at  different  distances.  De  la  Rue 
and  HUller  found  with  their  ^eat  battery  (Art.  196) 
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that  with  a  difference  of  potential  of  1000  volts  the  strik- 
ing distance  of  the  spark  was  only  -0127  centimetres  (or 
about  ^J^  of  an  inch),  and  with  a  difference  of  10,000 
volts  only  1*369.  Their  11,000  silver  cells  gave  a  spark 
of  1*59  centim.  (about  |  of  an  inch)  long.  To  produce  a 
spark  one  mile  long,  through  air  at  the  ordinary  pressure, 
would  therefore  require  a  difference  of  potential  exceed- 
ing that  furnished  by  1,000,000,000  Daniell's  cells! 

The  length  of  the  spark  differs  in  different  gases, 
being  nearly  twice  as  long  in  hydrogen  as  in  air  at  the 
same  density.  Or  to  produce  in  hydrogen  a  spark  as 
long  as  one  in  air  requires  less  voltage.  On  the  other 
hand,  carbonic  acid  gas,  whilst  it  is  stronger  than  air  for 
short  sparks,  is  weaker  for  long  ones. 

The  potential  needful  to  produce  a  spark  of  given 
length  in  a  given  gas  is  independent  of  the  kind  of  metal 
used  as  electrodes,  but  depends  upon  their  shape.  If 
points  are  used  instead  of  balls  it  is  found  that  at  equal 
voltage,  points  are  best  for  long  sparks,  but  are  worst  for 
short  sparks. 

According  to  Peace's  observations  a  minimum  poten- 
tial of  between  300  and  400  volts  is  necessary  to  start  a 
spark,  however  short,  in  air.  For  sparks  not  under  two 
millimetres  in  length  the  volts  necessary  to  start  a  spark 
across  a  length  of  /  centimetres  may  be  approximately 
expressed  by  the  equation  — 

V=  1500  +  30,000  /. 

The  following  table,  calculated  from  the  results  of 
Heydweiller,  gives  the  volts  necessary  to  produce  a  spark 
in  air  at  15°  C.  and  76  centimetres  pressure  between  two 
spheres  of  various  sizes.  The  figures  must  be  increased  1 
per  cent  for  a  fall  of  3  degrees  of  temperature,  or  for  a 
rise  of  8  millimetres  of  pressure. 
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In  rarefied  air  the  spark  is  longer.  Snow  IJarria 
stated  that  the  length  of  spark  was  inversely  propoi^ 
tional  to  the  pressure,  but  this  law  is  not  quite  correct, 
being-  approsimately  true  only  for  pressures  between 
that  of  11  inches  of  mercury  and  that  of  30  inches  (one 
atmosphere).  At  lower  pressures,  as  Gordon  found,  a 
greater  difierenoe  of  potential  must  be  used  to  produce 
a  spark  than  that  which  would  accord  with  Harris's  law. 
From  this  it  would  appear  that  thin  layers  of  air  oppose 
a  proportionally  greater  resistance  to  the  piercing  power 
d{  the  spark  than  thick  layers,  and  possess  greater  dielec- 
tric strength. 

Faraday,  using  two  spheres  of  different  sizes,  found 
the  spark-length  greater  when  the  smaller  sphere  was 
positive  than  when  it  was  negative, 

With  rapidly  alternating  differences  of  potential, 
smaller  virtual  voltages  suffice  for  the  same  spark-length, 
for  the  length  depends  on  the  maximum,  not  on  the 
mean  value.  Using  a  ball  of  1  cm.  diameter  and  a  disk, 
Alexander  Siemens  found  3200  virtual  volts  to  be  needed 
at  0-1  cm.  distance,  and  11,000  at  0-5  cm.  distance  apart. 

The  dielectric  strength  of  a  gas  appears  to  be  weaker 
when  field  is  varying  than  when  it  ia  steady.     When  the 
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voltage  ia  nearly  high  enough  to  produce  a  spark,  revers- 
ing the  poles  will  BometimeB  start  a  spark.  Moreover, 
when  otioe  a  spark  has  passed  it  is  easier  for  a  aecoud  one 
to  follow  on  the  same  track.  Probably  the  first  spark 
pi'odnceB  chemical  dissociations  iit  its  path  which  do  nut 
iu  stall  tly  pass  away. 

Hertz  made  the  singular  ohservation  that  iiltra-virilet 
light  (i.e.  actinic  waves)  falling  upon  the  kathode  surface 
assist  it  to  discharge  (see  Art.  351). 

A  perfect  vaouutn  is  a  perfect  insulator — -no  spark 
wilt  cross  it.  It  is  possible  to  exhaust  a  tube  so  perfectly 
that  none  of  our  electric  machines  or  appliances  can  send 
a  spark  through  the  vacuous  space  even  over  so  short  a 
distance  as  one  centimetre 

Ou  the  other  hand,  i  great  increase  of  pressure  also 
increases  the  dielectric  strength  of  air  and  ctuaes  it  to 
resist  the  paasage  of  a  spark  CailleUit  conipreB,sed  drj 
air  at  40  to  50  atmospheres  pressure,  and  found  that 
even  the  spark  of  a  poweiful  induction  coil  failed  to 
cross  a  space  of  '05  centirnetres  width. 

314.  FUmes  and  Hot  Air. — The  arc  produced  by 
the  passage  of  an  electric  current  between  two  carbon 
polea  is  treated  of  in  Art.  448.  It  is  a  species  of  flame 
which  conducts  the  oun'ent  from  the  tip  of  one  carbon 
rod  to  the  other,  while  volatilizing  the  carbon,  and  requires 
only  some  thirty  to  fifty  volts  for  its  maintenance.  The 
alternate-current  arc  generated  in  air  by  high-frequency 
discharges  at  a  potential  of  10,000  to  00,U00  volts  is  a 
different  phenomenon,  and  is  apparently  an  enilotherinio 
flame  of  nitrogen  and  oxygen  burned  together. 

Sparks  are  longer  and  straighter  through  hot  air 
than  through  cold.  If  air  or  other  permanent  ga«  is, 
however,  heated  in  a  closed  vessel  so  that  its  density 
remains  uualtered,  the  voltage  needful  to  produce  dis- 
charge remains  the  same ;  unless,  indeed,  the  gas  be 
heated  to  point  of  dissociation  when  discharge  occurs  at 
low  voltage. 
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FUmea  and  currents  of  very  hot  air,  Buch  as  those 

rising  from  a  red-hot  piece  of  iron,  are  extremely  good 

conductors    of    electricity,   and    act    even    better    thau 

metallic    points    iii    discharging   a   charged    conductor. 

Gilbert  showed  that  an  electrified  body  placed  near  a 

flame  lost  its  charge;  and  tlie  very  readiest  way  to  rid 

the'surface  of  a  charged  body  of  low  conducting  power  of 

a  charge  imparted  to  it  by  friction  or  otherwise,  is  to  pass 

I  it  through  the  flame  of  a  spu-it-lamp.     Faraday  found 

I  negative  electrification  to  be  thua  more  easily  discharged 

]  than  positive.     Flames  powerfully  negatively  electrified 

I.  are  repelled  from  conductors,  though  not  so  when  posi- 

1  tively  electrified.    Sir  W.  Grove  showed  that  a  current 

I '  is  set  up  in  a  platinum  wire,  one  end  of  which  touches 

T  the  tip,  and  the  other  the  base,  of  a  flame. 

Guthrie  showed  that  a  red-hot  iron  ball  cannot  be 
positively,  but  may  be  negatively  charged.     When  white- 
'    hot  it  will  retain  neither  kind  of  charge. 

315.   Hechanical   Effects.  — Chief   amongst   the   me- 

I   ohanical  effects  of  the  disruptive  spark  discharge  is  the 

■battering  and  piercing  of   glass   and  other  insulators. 

I  The  dielectric  strength  of  glass,  though  much  greater 

r  than  that  of  air,  is  not  infinitely  great.     A  slab  of  glass 

I  8  inches  thick  has  been  pierced  by  the  discharge  of  a 

powerful  induction  coil.     The  so-called  "toughened" 

.    glass  ha«  agreater  dielectric  strength  than  ordinary  glaas, 

'  is  mora  difficult  to  pierce.     A  sheet  of  glass  may  be 

'  readily  pierced  liy  a  spark  from  a  large  Leyden  jar  or 

'    battery  of  jars,  by  taking  the  following  precautious:  — 

'    The  glass  to  be  pierced  is  laid  upon  'a  block  of  glass  or 

I   resin,  through  which  a  wire  is  led  by  a  suitable  hole,  one 

[  end  of  the  wire  being  connected  with  the  outer  coating 

I   of  the  jar,  the  other  being  cut  off  flush  with  the  surface. 

Upon  the  upper  surface  of  the  siieet  of  glass  thut  is  to  be 

'    pierced  another  wue  is  fixed  upright,  its  end  lieing  exactly 

opposite  the  lower  wire,  the  other  extremity  of  this  wire 

L  Iwing  armed  with  a  metal  knob  to  receive  the  spark  from 
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the  knob  of  the  jar  or  tllflchaiger.  To  ensure  good  iiisula- 
tioa  a  few  drops  of  paraffin  oil,  or  of  olive  oil,  are  placed 
upon  the  glass  round  the  points  where  the  wires  touoli  it. 
A  piece  of  dry  wood  siinilajly  treated  is  split  by  a  power- 
ful spark.  A  layer  of  oil  resiBts  being  pierced  »a  much 
aa  a  layer  of  air  five  or  sis  times  as  thick  would  do. 

If  a  spark  is  led  tlirough  a  tightly-corked  glass  tube 
containing  wat«r,  the  tube  will  be  shattered  itito  Hinall 
pointed  fnigrneuts  by  the  sudden  espanaion  of  the  liquid. 

Lullin  obsei-ved  two  curious  effects  wheu  a.  piece  of 
cardboard  is  perforated  by  a  spark  between  two  nietnl 
points.  Firsllg,  there  is  a  slight  burr  raised  on  each  side, 
as  if  the  hole  had  been  pierced  froni  the  middle  outwards, 
as  though  the  stress  in  the  air  had  pulled  at  the  card. 
Secondly,  if  the  two  points  are  not  exactly  opposite  one 
another  the  hole  is  found  to  be  nearer  the  negative  point. 
But  if  the  experiment  is  tried  under  the  air  pump  in  a 
vacuum,  there  is  no  such  displacenieat  of  the  hole ;  it  is 
then  midway  exactly. 

The  mechanical  a^ition  of  the  brush  discharge  at 
paints  is  mentioned  in  Art,  47,  and  the  mechanical 
eflecta  of  a  current  of  electricity  were  described  in 
Lesson   XVI. 

316.  Chemical  Effects.  —  The  chemical  actions  pro- 
duced by  currents  of  electricity  have  been  described  in 
Lessons  XIV.  and  XIX.  Similar  actions  can  be  produced 
by  the  electric  spark,  and  by  the  silent  glow  discharge 
(see  Art.  310).  Faraday  showed,  indeed,  that  electricity 
from  all  kinds  of  different  sources  produced  the  same 
kinds  of  chemical  actions,  and  he  relied  u]ton  this  an  one 
proof  of  the  essential  identity  of  the  electricity  produced 
in  different  ways.  If  sparks  from  an  electric  machine  are 
received  upon  a  piece  of  whit*  blotting-paper  moistened 
with  a  aolutioii  of  iodide  of  pota.ssium,  brown  patches  are 
noticed  where  the  spark  has  effected  a  chemical  decom- 
position and  liberated  the  iodine. 

When  a  stream  of  sparks  is  passed  through  moist  aii 
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ill  a  vessel,  the  air  is  found  to  liave  acquired  the  property 
of  chaiigiug  to  a  red  colour  a  piece  of  paper  stained  blue 
with  litmus.  Tbis,  Cavendisb  showed,  ivas  due  to  the 
presence  of  nitric  acid,  produced  by  the  chemical  union 
of  the  nitrogen  and  oxygen  of  the  air.  The  effect  is  best 
shown  with  the  stream  of  sparks  yielded  by  a  small  in- 
duction coil  (Fig-  135),  in  a  vessel  in  which  the  air  has 
been  compressed  beyond  the  usual  atmospheric  pressure. 

Whenever  an  electric  machine  is  giving  out  high-volt- 
age diBcharges  a  peculiar  odour  is  perceived.  This  was 
formerly  thought  to  he  evidence  of  the  existence  of  an 
electric  " effluvium"  or  fluid;  it  is  now  known  to  be 
due  to  the  presence  of  ozooe,  a,  modified  form  of  oxygen 
gas,  which  differa  from  oxygen  in  being  deusei",  more 
active  chemicitlly,  and  in  having  a  cliaractei*istic  smell. 
The  silent  discharge  of  tile  influence  machine  and  that  of 
the  induction  coil  are  particulai'ly  favourable  to  the  pro- 
duction of  this  substance. 

The  apai'k  will  decompose  ammonia  gas,  and  olefiant 
gas,  and  it  will  also  cause  cheniica!  combination  to  take 
place  with  explosion,  when  passed  throngh  detonating 
mixtures  of  gases.  Thus  equal  volumes  of  chlorine  and 
hydrogen  are  exploded  by  the  spark.  So  are  oxygen  and 
hydrogen  gaaes,  when  mixed  in  the  proportion  of  two 
volumes  of  the  latter  to  one  of  the  former.  Even  the 
explosive  misture  of  common  coal  gas  mixed  with  front 
four  to  ten  times  its  own  volume  of  common  air,  can  be 
thus  detonated.  A  common  experiment  with  the  soKialled 
ilectric  pistol  consists  in  filling  a  small  brass  vessel  with 
detonating  gases  and  then  exploding  them  by  a  spark. 
The  spark  discharge  is  sometimes  applied  to  the  firing  of 
blasts  and  miues  in  military  operations. 

317.  Heating  Eflecta.  —  The  flow  of  electricity 
through  a  resisting  medium  is  in  every  case  accompanied 
by  an  evolution  of  heat.  The  laws  of  heating  due  to 
currents  are  given  in  Art.  127.  The  disruptive  discharge 
ia  a  transfer  of  electricity  through  a  medium  of  great  re- 
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aistuiice  and  accompanied  by  an  eyolution  of  heat.  A  few 
drops  of  ether  in  a  luctallic  spoon  are  easily  kindled  by 
an  electric  spark.  The  spark  from  an  electric  machine, 
or  even  from  a  rubbed  glass  rod,  sufhces  to  kindle  Rn 
ordinary  gas-jet.  In  certain  districts  of  America,  during 
the  driest  aeasoii  of  tlie  year,  the  mere  rubbing  of  a  per- 
son's shoes  against  the  caippt,  as  he  shuflleB  acroBS  tlie 
floor,  generates  aufiioient  electrification  to  enable  sparks 
to  be  drawn  from  hii  bod^  and  lie  may  light  the  gBa  by 
a  single  spaik  from  his  outst retched  finger.  Gunpowder 
naii  be  fired  by  the  disUiaigfi  of  a  Lejden  jar,  but  the 
spark  should  be  retardpd  hy  being  pa.ised  through  a  wet 
thread,  otherwise  the  powder  will  simply  be  scattered  by 
the  spark. 

The  Electric  Air-Thermitmeler,  invented  by  Kinneraldy," 
serves  to  inveatiy;nte  the  heating  [wwers  of  the  discharge. 
It  consists  nf  a  gloss  vessel  enclosing  air,  and  cotninuui- 
eating  with  a  tube  partly  filled  with  water  or  other  liquid 
in  order  to  observe  changes  of  volume  or  of  pressure. 
Into  this  veusel  are  led  two  metal  rods,  between  which  is 
suspended  a  thin  wire,  or  a  filament  of  gilt  paper;  or  a 
spark  can  be  allowed  simply  to  cross  between  them. 
When  the  discharge  passes  the  enclosed  air  is  heated, 
expands,  and  causes  a  movement  of  the  indicating  column 
of  liquid.  The  results  of  observation  with  these  instru- 
ments are  as  fallows :  —  The  heating  effect  produced  by  a 
given  charge  in  a  wire  of  given  length  is  inversely 
proportional  to  the  square  of  the  area  of  the  cross  section 
of  the  wire.  The  total  heat  evolved  is  jointly  propor- 
tional to  tlie  charge,  and  to  the  potential  through  which 
it  falls.  In  fact,  if  the  eiitire  energy  of  the  discharge  is 
expended  in  producing  heat,  and  in  doing  no  other  kind 
of  work,  then   the  heat  developed  will  be   the  thermal 
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equivalent  of  JQV  ergs,  or  —  calories;  where  J  te- 
presenta  the  mechanical  equivalent  of  heat  (J  =  42 
million;  aince  42  x  10°  erifs  =  I  calorie),  and  Q  and  V 
are  SKpressed  in  C.G.K.  udiIh. 

When  a  powerful  discliarge  taies  place  through  very 
thin  wires,  they  may  be  heated  to  redness,  and  even  fused 
by  the  heat  evolved.  Van  Marum  thus  once  heated  70 
feet  of  wire  by  a,  powerful  discharge.  A  narrow  strip  of 
tinfoil  is  readily  fused  by  the  charge  of  a  large  Leyden 
jar,  or  battery  of  jars.  A  pii?ce  of  gold  leaf  ia  in  like 
manner  volatili/ed  by  a  powerful  discliarge-  Franklin 
Utilised  this  property  for  a  rude  process  of  multiplying 
portrodtt  or  other  patterns,  whicli,  being  first  cut  out  in 
card,  were  reproduced  in  a  silhouette  of  jnetallic  particles 
on  a  second  card,  by  the  device  of  laying  aliove  them  a 
film  of  gold  or  silver  leaf  covered  again  with  a  piece  of 
card  or  paper;  a  Leyden  battery  being  then  discharged 
through  the  leaf - 

318.  LaminonB  Effects.  —  The  discliarge  exhibits 
many  beautiful  and  varied  luminous  effects  under  dif- 
ferent conditions.  The  spark  oi  the  disruptive  discharge 
is  usually  a  thin  brilliant  streak  of  light.  When  it  takes 
place  between  two  metallic  balls,  separated  only  by  a 
short  interval,  it  usually  appears  as  a  single  thin  and 
brilliant  line,  ff,  however,  the  distance  be  as  much  as  a 
few  centimetres,  the  spark  takes  an  irregular  zig-/^  form. 
In  any  case  its  path  is  along  the  line  of  least  resistance, 
the  presence  of  minute  moUis  of  dust  floating  in  the  air 
being  quite  sufficient  \a  determine  the  zig  /ag  character 
Often  tlie  spai'k  exhibits  curious  laiuificatioiis  and  fork 
ings,  of  whicii  an  illiistialiun  \b  given  iti  tiir  IKl  which 
is  drawn  of  one-eiglitli  of  the  actual  si/p  of  the  spark 
obtained  from  an  clectrital  michmo  I'liotogriphs  of 
lightning  flashes  almost  always  show  siniiHr  braiiLhing 
The  branches  alwayspoiiit  towanl  the  negative  electrode 
The  discharge  from  a  Leyden  jar  atfordH  a  much  bright«r. 
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shorter,  noisier  spark  than  the  spark  drawn  direct  from 
the  collector  of  a  machine.    The  leugtii  (see  Art.  313) 
depends  upon  the  potential,  and  upon  tlie  presBnre  and 
temjierature  of  the  air  in  which  the  discharge  takes  place. 
The  brilliance  depends  chiefly  upon  the  quantity  at  the 
disohart'e.     The  colour  of  the  spark  varies  with  the  na- 
ture of  the  metal  surfaces  between  which  the  disuharge 

1 

Flf.  IM. 

liikPM  pliice ;  for  the  spark  tears  away  in  its  piwsage  small 
portions  of  the  metal  surfaces,   and  volatilizes  them. 
Between  copper  or   silver  terminals   the  spark   takes  a 
green  tint,  while  between  iron  knolis  it  is  of  a  reddish 
hue.     Examination  with  the  speotroscojie  reveals  the 
presence  in  the  spark  of  the  vays  characteristic  of  the 
incandescent  vapours  of  the  several  metals. 

319.  Brash  Discharge :  Glow  Discharge.  —  If  an  elec- 
tric  niftchine   is   vigorously  worked,  but   no   sparks   be 
drawn  from  its  coiloctov.  a  tine  diverging  fcrusA  of  pale 

the  brass  ball  at  the  end  of  it  Carthi'^t  from  the  col- 
leotiug  comb;  a  hissing  or  crackling  sound  always  aceom- 
paniea  this  kind  of  discharge.      The  brush  discharge 

aenling  a  form  of  which  Fig.  184  gives  a  fine  eiamplc. 

holding  a  But  plate  of  metal  a  little  way  from  it.    With 
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a  sniftUer  ball,  or  with  a  bluntly-pointed  wire,  the  brush 
appears  smaller,  but  is  more  distinct  and  continuous. 
When  discharge  is  going  on  between  two  balls  the 
brushes  are  never  alike.  At  the  positive  ball  or  anode 
the  brush  diach.irge  is  larger  and  more  ramified  than  at 
the  negative  ball.  But  the  negative  brush  is  more  easily 
formed  than  the  positive.  Wheatatoiie  found  by  using  his 
rotating  min-or  that  tlie  brush  <iischai*u:i'  is  roally  a  series 
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3  partial  sparks  at  rapid  interval').  Metallic 
dost  is  in  every  case  torn  away  from  the  electrode  by  the 
brush  discharge. 

If  the  blunt  or  rounded  conductor  be  replaced  by  a 
pointed  one,  the  brush  disappears  and  gives  place  to  a 
quiet  and  continuous  glotn  wliere  the  electrified  particles 
of  air  axs  streaming  iiway  at  the  point.  If  these  con- 
TSsion  streams  are  impeded  the  glow  may  once  more 
give  place  to  the  brush.  Where  a  negative  charge  ia 
being  discharged  at  a  point,  the  glow  often  appears  to 
be  separated  from  the  siurface  of  tlie  conductor  by  a  dark 
space,  where  the  air,  without   becoming  luminous,  still 
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coiiveya   the   electricity.    This  phenomenon,  to  which 
FaraUay  gave  the  name  of  the  "dark"  dUcharge,  is  ven 
well  seen  when  electricity  ia  discharged  Oirough  rarefiet 
air  and  other  gases  in  vacmim  tubes. 

A  spark  discharge  may  degenerate  into  a  brush  if  the 
surface  of  the  electrode  beaomea  pitted  or  roughened  by 
frequent  discharges.    Hence  in  ikU  spark  experiments  it  is 
important  to  keep  the  discharging  balls  highly  pnluhed. 

320.  Discharges  in  Fartijil  Vacua.  —  If  the  discharge 
takes  place  in  glass  tubes  or  vessels  from  which  the  air 
fina  been  partially  exhausted,  many  remarkable  and  Iteau 
tifiil  luminous  phenomeua  are  produced.      A  common 
form  of  vessel  is  the  "electric  egg"  (Fig.  lrt7),  a,  sort  o; 
oval   bottle  tliat  can   be   screwed  Ui  an  air  pump,  an( 

+ 
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umiahed  with  brass  knobs  to  lead  in  the  spai'ks.    More 
ften  "vacuum  tubes,"  such  as  those  manufactured  by 
la  celebrated  Geissler,  are  employed.    These  are  merely 
ubes  of  thin  glass  blown  into  bulbous  or  spiral  forms, 
rovided  with  two  electrodes  of  platinum  wire  fused  iuto 
he  glass,  and  sealed  oH  after  being  partially  exhausted 
f  air  by  a  mercurial  air  pump.     Of  these  Geissler  tubes 
he  moat  useful  consist  of  two  bulbs  joined  by  a  narrow 
ube  (Fig.  :G.i),  the  Iuiuin<,u3  effects  being  usually  more 
ntenae  in  the  contracted  portion.     Such  tubes  are  readily 
luminaled  by  discharges  from  au  electrophorus  or  an 
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infiuence  machiije ;  but  it  is  more  coiiunoii  to  work  them 
with  the  ap!krk  of  ati  inductiuii  ooil  (Fig.  135).  A  coil 
capable  of  throwing  a.  j'iitch  spark  iu  air  will  illununate 

I  a  vacuum  tube  ft  or  ti  inches  long.  Whete  an  altemate- 
enrrent  supply  ia  available  small  tranaforniers  (Art  228) 
wound  to  tluliver  5'^  ampere  at  5(100  volts  serve  admirably 
for  lighting  vaciuLin  tubes. 
Through  such  tubos,  before  exhaustion,  the  spark 
passes  witliont  any  unusual  phenonimia  being  produced. 
As  the  air  ia  exhausted  the  Bpai'ks  become  less  sharply 
defined,  and  widen  out  to  occupy  the  whole  tube,  becom- 
ing pale  in  tiut  and  nebulous  in  form.  The  kathode 
Mdiibits  a  lieautiful  liluish  or  violet  glow,  Reparnted  from 
fhe  conductor  by  a  narrow  ilark  apace,  while  at  the  anode 
«  single  small  bright  star  of  light  is  all  that  remains. 
At  a  certain  degree  of  exhaustion  the  light  in  the  tube 
breaks  up  into  a  set  of  slriis,  or  patches  of  light  of  a  oup- 
Itke  form,  which  vibrat«  to  and  fro  between  darker  spaces. 

I  In  nitrogen  gas  the  violet  aureole  glowing  around  the 
kathode  is  very  bright,  the  rest  of  the  light  being  rosy 
m  tint.  Li  oxygen  the  ditference  is  not  so  marked.  In 
'bydrogeu  gas  tlie  tint  of  the  disuliarge  is  bluish,  except 
nrhere  the  tube  is  naiTow,  where  a  beautiful  crimson  may 
ite  seen.  With  carbonic  acid  gas  the  light  is  remarkably 
'Vhite-  Particles  of  metal  are  torn  oS  from  the  kathode, 
iWid  projected  from  its  surface.  The  kathode  is  also  usur 
tdly  the  hotter  when  made  of  similar  dimensions  to  the 
anode.  If  the  anode  ia  heated  and  the  kathode  kept 
cool  no  discharge  will  p.iss.  The  luminosity  disappears 
from  tlie  rarefied  air  ia  the  neighbourhood  of  a  red-hot 
platinum  spiral  inside  the  tube.  U  the  kathode  gets 
white-hot  the  glow  disappeai-a,  and  the  gas  conducts 
freely  without  shining.  It  is  also  observed  that  the  light 
of  these  discharges  in  vacuo  is  rich  in  those  raya  which 
[  pEodoce  phosphorescence  and  fluorescence.  Many  beau- 
I'tifal  effects  are  therefore  produced  by  blowing  tubes  in 
I'inrauiDm  glass,  which  fluoresces  with  a  flue  green  light, 
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and  by  placing  soliitiona  of  quinine  i 
liquids  in  outer  tubes  of  glass. 

321.  Pheaomena  in  High  Vacua.— 
that  wbeti  exhaustiou  in  carried  to  a  ^ 
dark  space  separating  the  negative  glo 
pole  increnees  in  widtli;  and  that  \ 


r  other  fluoreaoent 

Crootes  has  found 
iiyhigli  degree  the 
V  from  the  negative 
)8S  thia  space  elec- 
trified molecules  are  projected  in  parallel  paths  normally 
from  the  surEace  of  the  kathode.  If  exhaustion  lie  carried 
to  such  a  high  degree  that  the  dark  Hpace  fills  the  entire 
tube  or  Indh,  the  glass  vtiilla  bec<nne  beautifully  phoB- 
piiores«ent.  Diamonda,  rubies,  lind  even  widte  powdered 
alumina  placed  in  the 
tubes  become  brill- 
iantly phosphorescent 
if  liit!  kiitlmde  dis- 
(■Ii;ii-L;i'isilirf'cli'dupon 
tiii'iii.     Ami  it  bodies 
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electrode,  sharply-de- 
fine<l  shniloiBS  ai  tliese 
bodies  are  projected 
upon  the  opposite  wall  of  the  veasel,  aa  if  they  stopped 
the  way  for  some  of  the  flying  nioleculea,  and  prevented 
them  from  striking  the  opposite  wall.  In  Fig.  188  the 
kathode  K  ia  a  slightly  convex  disk  of  aliiTniuiuni.  Tn 
the  path  of  the  discharge  is  set  a  cross  cut  out  of  mica. 
Ita  shadow  S  appears  ou  the  end  of  the  bulb,  which  phon- 
phoresces  all  around  the  shadowed  part.  The  anode  tnay 
he  either  at  A  or  a.  Lig>itly-i«)iwd  vanes  are  also  driven 
round  if  placwl  in  the  path  of  the  discharge.  Crookes 
regarded  this  kathoiU-  riischarge  aa  exhibiting  matter  in. 
an  ultra-gai^HOiiH  or  railiaiU  state.  A  disk  placed  in  the 
line  of  the  kathode  discharge  beeomes  thereby  posi- 
tively electrified.  The  kathode  discharge  is  independent 
oi  the  metal  used  as  kathode,  and  w  also  independent  of 
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the  position  of  the  anode.     Any  reBtriction   of  space 
BTOoiid  the  kathode  tends  to  stop  the  discharge.    Similar 
phenomena  have  been  observed  in  vacuous  tubes  without 
Miy  internal  electrodes.     Hertz  discovered  that  these 
kathodio  "rays"  which  will  not  pass  through  glass,  mica, 
or  any  transparent  substance,  'will  pass  through  metal 
Lenard,  using  a  vacuum  tube  with  a  "  window  "  of 
I   aluminium  foil  at  one  end,  haa  succeeded  in  passing  the 
I  kathodic  rays  out  into   the  air  (in   which   they  cannot 
[  be  produced  at  all),  and  finds  them  to  retain  their  re- 
markable property  of  exciting  phosphorescence. 

In  extremely  high  vacua  there  is  an  enormous  re- 

j   Biatance,  apparently  due  to  some  difficulty  in  the  electric 

discharge  leaving  the  electrode.     The   molecular   con- 

dnetivity  of  the  rarefied  gas  is  itself  very  high.    For 

1  equal  number  of  molecules  it  is  higher  than  that  of 

the  metals. 

HoItK  has  more  recently  produced  "  electric  shadows," 

by  means  of  discharges  in  air  at  ordinary  pressure,  be- 

'    tween  the  poles  of  the  iufJuence  machine  (Fig.  41),  the 

discharge  taking  place  between  a  point  and  a  disk  covered 

with  silk,  on  wliich  the  shadows  are  thrown. 

322,  StriEB.  —  The  sCrice  or  slrati/icaliom  have  been 
examined  very  carefully  by  Gassiot,  by  Spottiswoode,  and 
by  De  la  Rue.  The  principal  facts  hitherto  gleaned  are 
as  follow :  —  The  striie  originate  at  the  anode  at  a  certain 
pressure,  and  become  more  numerous,  as  the  exhaustion 
proceeds,  up  to  a  certain  point,  when  they  become  thicker 
and  diminish  in  number,  until  exhauHtion  is  carried  to 
such  a  point  that  no  discharge  will  pass.  J.  J.  Thomson 
found  the  column  of  stri»  to  exhibit  a  nearly  constant 
electric  resistance  all  along;  tliough  beyond  it  in  the 
neighbourhood  of  the  kathode  the  resistance  waa  much 
greater.  In  a  v.iouum  tube  over  50  feet  long  the  dis- 
charge was  striated  through  whole  length  escejit  near  the 
I  kathode.  If  the  kathode  is  moved  forward  the  striie 
'e  with  it.    The  stri»  flicker  even  when  the  eon. 
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tinnous  current  from  a,  battery  of  some  thousaiidR  uf  cella 
(Art.  186)  ia  used.  There  is  a  maximum  uC  sleadiueaa 
with  a  particular  density  of  current.  The  stria  are  liotter 
tlian  the  Hpacen  between  thern.  The  number  and  positiou 
of  the  HtriiG  vary,  not  only  with  tite  eKhaiution,  but  with 
the  difference  of  poteiitialH  of  tlieelectrodes.  Koch  portion 
of  the  column  of  Htriie  octx  as  aa  independent  discharge. 
When  Htrise  are  produced  by  the  intermittent  discharges 
of  the  induction  coil,  examination  of  them  in  a  rotating 
mirror  reveals  that  they  move  forward  from  the  anode 
towards  the  kathode. 

Schuster  has  shown  that  the  discharge  through  gaaea 
is  a  process  resembling  that  uf  electrolysis  (Art.  2-17), 
being  accompanied  by  breaking  up  of  the  gaseous  mole- 
cules and  inoeBsant  interchanges  of  atoms  lietween  them. 
The  production  of  ozone  (Art.  318)  and  the  phenomena 
noticed  at  the  kathode  (Art.  321)  give  support  to  this 
view.  Amongst  other  evidence  is  the  striking  discovery 
of  Hittorf  that  quite  a  few  cells  can  send  a  current 
through  gas  at  ordinary  pressures  provided  a  spark-dis- 
charge is  going  on  in  the  neighbourhood.  J.  J.  Thomson 
6uds  that  those  gases  which  when  heated  are  decomposed 
or  molecularly  dissociated,  so  that  free  atoms  are  present, 
are  also  good  conductors.  He  reg.^rds  chemical  dew):D- 
position  as  an  essential  feature  of  gaaeoiu  discharge. 

The  discharges  in  vacuum  tubes  are  affected  by  the 
mngiiet  at  all  degrees  of  exhaustion,  behaving  like  tliudble 
conductors.  Under  certain  conditions  also,  the  disuharge 
is  iftntitive  to  the  presence  of  a  conductor  on  the  exterior 
of  the  tube,  retreating  from  the  side  where  it  is  touched. 
This  sensitive  state  appears  to  be  due  to  a  periodic  inter- 
mittonce  in  the  discharge;  an  intermittence  or  partial 
intermittence  in  the  flow  would  also  probably  account  for 
the  production  of  striie. 

323.  Velocity  of  Propagation  of  Discharge. — The 
earliest  urn  of  the  rotating  miiior  to  analyze  pheno- 
mena of  short  duration  was  made  by  Wheatstone,  who 
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attempted  by  thia  maana  to  lueasure  "  the  velocity  of 
electricity  "  in  ooiiduotiiiij  wires.  What  ho  succeeded  in 
measuring  was  not,  liowever,  Me  velocitij  of  electricity,  but 
the  time  taken  by  &  certain  quantity  of  electricity  to 
flow  througli  a  conductor  of  cousiderable  reBistance  and 
capacity.  Viewed  in  a  rotating  mirror,  a  spark  of  definite 
duration  would  appear  to  be  drawn  out  iuto  an  elongated 
streak.  Such  an  elongation  was  found  to  be  visible  when 
a  Leyden  jar  was  discharged  through  a  copper  wire  half 
a  mile  long;  aitd  when  the  circuit  was  interrupted  at 
three  points,  one  in  the  middle  aoA  one  at  each  end  of  this 
wire,  three  sparks  were  obtained,  which,  viewed  in  the 
mirror,  showed  a  latei'al  displacement,  indicating  (with 
the  particular  rate  of  rotation  employed)  that  the  middle 
spaik  took  place  risiiiifii  of  a  second  later  than  those  at  the 
ends.  Wheatstone  argiied  from  this  a  velocity  of  288,000 
milea  per  second.  But  Faraday  showed  that  the  apparent 
rate  of  propagation  of  a  quantity  of  electricity  mnst  be 
affected  by  the  capacity  of  the  conductor;  and  he  even 
predicted  that  since  a  submerged  insulated  cable  acta  like 
a  Leyden  jar  (see  Art.  -JOl),  and  has  to  be  charged  before 
the  potential  at  the  distiuit  end  can  rise,  it  will  retard 
the  apparent  flow  of  electricity  through  it.  Profussor 
Fleeming  ■Teiikiit  says  of  one  of  the  Atlantic  cables  that,  • 
after  contact  with  the  battery  is  made  at  one  end, 
effect  can  be  detected  at  the  other  for  two-teiitha  of  a  ' 
second,  and  that  then  the  received  current  gradually 
increases,  until  about  three  seconds  afterwards  it  reaches 
its  maximum,  aiid  then  dies  away.  This  retardation  is 
proportional  to  the  square  of  the  length  of  the  cable,  being 
proportional  both  to  its  capacity  and  to  its  resistance; 
hence  it  liecomes  very  serious  on  long  cables,  reducing  the 
speed  of  signalling.  There  is  in  fact  no  definite  assign- 
able "velocity  of  electricity."  In  the  case  of  wires 
suspended  in  air  the  velocity  of  propagation  of  any  rapid 
electrical  vibration  is  equal  to  the  velocity  of  light.  But 
in  the  case  of  slow  vibrations,  like  those  of  telephonic 
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sounds  being  seat  through  land  lines  or  cahles,  the  velo- 
city may  he  much  less. 

A  Tarj  simple  eiperiraeiit  will  enahle  the  student  to 
realize  the  excessively  short  duration  of  the  spark  of  b, 
Leyden  jar.  I^et  a  round  diuk  of  cardboard  painted 
with  black  and  white  aectora  be  rotated  very  rapidly  so 
as  to  look  by  ordinary  light  like  a  mere  gray  siirfacu. 
When  this  in  illuminated  by  the  spark  of  a  Leyden  jar  it 
appears  to  be  standing  absolutely  still,  however  rapidly 
it  may  be  turning.  A  Hash  of  lightning  is  equally  in- 
stantaneous; it  is  utterly  impossiljie  to  determine  at 
which  end  the  flash  begins.* 

324.  Electric  Dust-Figurea. —  Electricity  may  creep 
slowly  liver  the  surface  of  bad  conductors.     Licliteaberg 
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I  distribution  of  electricity  by  irieaiia  of  certain  electro- 
tcopic  poinders.  Take  a  charged  Leydeii  jar  an^  write 
with  till!  kuob  of  it  upou  a  cake  of  pitch  or  a  dry  alieet  of 
I  glass.  Then  sift,  through  a.  bit  of  muslin,  over  the  cake 
I  a  mixture  of  powdered  red  lead  and  sulphur  (vermilion 
[  and  lyoopodiujii  powder  answer  equally  well).  The 
L  powders  in  this  process  rub  against  one  another,  the  red 
"      I  WcomiM!;  +,  tli^  siiliihiir  -.    Hpno'.  tl 


be  attracted  tn  those  parts  where  there  is  +  electriflcatioD 
on  the  iliKk,  and  settles  down  in  curious  branching  yellow 
streaks  like  tliose  shown  ill  Fig.  107.  The  red  lead  'settles 
down  in  little  red  lieaps  and  patches  where  tlie  electrificai- 
I  is  negative.  Tliese  rounded  red  patches  indicate  that 
—  discharge  has  been  of  the  nature  of  a  irind  or  silent 
discharge.     The  branching  yellow  streaks   indicate  that 

I  the  positive  discharge  (as  indeed  may  be  heard)  is  of  the 
nature  of  a  iirimh.    Fig.  IfiS  shows  the  general  appearance 

L  of  the  Liehlenberg'*  figure  produced  by  holding  the  knob 
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of  the  Leydeii  jai'  at  the  centre  of  a  shellac  plate  that  lias 
previously  been  rubbed  with  flannel,  the  negative  elec- 
trification being  attracted  upon  all  sides  toward  the 
uentral  poaitive  charge.  These  same  powders  may  be  used 
to  inrestigate  how  surfaces  hare  become  electrified  by 
rubbing,  and  how  pyroelectrio  orjstala  (Art.  74)  are  elec- 
trified during  cooling. 

Powdered  tourmaline,  warmed  and  then  sifted  over  a 
sheet  of  gloss  previously  electrified  irregularly,  will  show 
similar  figures,  though  not  so  well  defined. 

Brealh'Jig'ira  cao  be  made  by  electrifying  a  coin  or 
other  piece  of  metal  laid  upon  a  slieet  of  dry  glass,  ami 
then  breathing  upon  the  glass  where  the  coici  lay,  reveal- 
ing a  faint  image  of  it  on  the  surface  of  the  glass. 

F.  J.  Smith  finds  that  if  a  coin  or  engraving  laid  face- 
down upon  a  photographic  diy-plate  is  sparked  with  an 
induction  coil,  the  plate  I'eceives  ati  tiivisibie  image  which 
can  be  photographically  developed. 

326.  Physiological  Effects. — The  physiological  effects 
of  the  current  have  been  described  in  i.esson  XX.  Those 
prodnoed  by  the  spark-discharge  are  more  sudden  in 
character,  but  of  the  same  general  nature.  Death  is 
seldom  the  direct  result.  The  shock  causes  a  sudden 
cessation  of  respiration,  resulting  in  suffocation  as  from 
drowning.  The  bodies  of  persons  struck  by  the  lightning 
spark  frequently  exhibit  markings  of  a  reddish  tint  where 
the  dischai^e  in  passing  through  the  tissues  has  lacerated 
or  destroyed  them.  Sometimes  these  markings  present 
a  singular  ramified  appearance,  as  though  the  discharge 
had  spread  in  streams  over  the  surface  at  its  entry. 

326.  Dissipation  of  Charge.  —  However  well  insu' 
lated  a  charged  conductor  may  be,  and  however  dry  the 
surrounding  air,  it  nevertheless  slowly  loses  its  charge, 
and  in  afew  days  will  be  found  to  be  completely  discharged. 
The  rate  of  loss  of  charge  is,  however,  not  uniform.  It 
is  approximately  proportional  to  the  difference  of  potential 
between  the  body  and  the  earth.     Hence  the  rate  of  loss 
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is  greater  at  first  than  afterwards,  and  b  greater  for 
h.igh]y-i;harged  bodies  than  for  those  feebly  charged.  The 
law  ot  dissipation  of  charge  therefore  resembles  Newton's 
law  of  cooling,  aecording  to  which  the  rate  of  cooling  of  u 
hot  body  is  proportional  to  the  difEerenne  of  temperatui'e 
between  it  and  the  surrouadiiig  objects.  Tf  the  potential 
of  the  body  be  measured  at  equal  bitervab^  of  time  it  will 
be  found  to  have  diminished  iu  a  decreasing  geometric 
series;  or  the  logarithms  of  the  potentials  at  equal  in- 
tervals of  time  wiU  differ  by  equal  amounts.  The  rate 
of  loss  is,  however,  greater  at  negatively-electrified  sur- 
faces thun  at  positive. 


nhere  Vi  repreaenls  the  original  potential  and  Vi  the  potential 
after  bu.  liilerTal  I.  Here  i  stands  Fur  the  nnmbei  2'71828  .  .  . 
(the  base  ol  the  DBtoral  logarithms),  and  p  stands  for  the 
"  ooeffluieut  ut  loakago,"  which  depends  iipun  the  temperature, 
pressure,  and  humidity  i>l  the  air.  The  same  formula  serves  tor 
the  discharge  of  a  uondenser  oT  oaparity  K  through  a  resistance 
R;  if  y  is  written  tor  1/KR. 

327,  Positive  and  Negative  Blectrification.  —  The 
student  will  not  have  failed  to  notice  throughout  this 
lesson  frequent  differences  between  the  behaviour  of 
positive  and  negative  electrification.  The  striking  dis- 
similarity in  the  Lichtenberg's  figures,  the  displacement 
of  the  perforation-point  in  Lullin's  experiment,  the  un- 
equal tendency  to  dissipation  at  surfaces,  the  unequal 
action  of  heat  on  positive  and  negative  charges,  the  re- 
markable differences  in  the  various  forms  of  brush  and 
glow  discharge,  are  all  points  that  claim  attention.  Gaa- 
siot  described  the  appearance  in  vacuum  tubes  as  of  a 
force  emanating  from  the  negative  pole.  Crookes's  eiperi- 
ments  it)  high  vacua  show  molecules  to  be  violently 
discharged  from  the  negative  electrode,  the  vanes  of  a 
little  fly  enclosed  ia  such  tubes  being  moved  from  the 
side  struck  by  the  negative  discharge.    Holb;  found  that 


■when  fmuiel-like  partitiona  were  fiied  in  a  vacuum  tube 
the  resistance  is  much  less  when  the  open  mouths  of  the 
funnels  face  the  negative  electrode.  These  matters  are 
yet  quite  unaccounted  for  by  any  existing  theory  of 
electricity. 

The  author  of  these  lessouB  Ib  ilisposeil  to  take  the  tollowing  I 
view  un  this  point;  —  If  eleelricity  be  really  one  and  not  (i  ' 
either  Che  au-calted  ptailive  or  the  tiegalive  electrification  mi 
be  a  state  in  which  there  is  more  electricity  than  la  the  B 
muading  apace,  and  the  other  muBt  be  a  state  in  which  there  ia  1 
leu.    The  student  was  toM,  in  Art.  T,  that  in  the  presGnt  sta 
of  the  science  we  do  not  know  for  certain  whether  "  positive 
eleutriflcation  is  really  an  excem  of  electricity  or  a  d^eet.   Now  I 
Bune  of  the  phenomena  alluded  to  in  this  Article  seem  to  li 
dlcate  that  the  so-calted  "  negative  "  electriflcatinn  really  is  (l 
Btate  of  excess.  In  particular,  the  fact  that  the  rate  of  dissipation 
of  cborge  ie  greater  for  negative  electrification  than  for  positive, 
points  this  way :  because  the  law  of  loss  of  charge  is  the  exact 
counterpart  of  the  law  of  tbe  toss  of  hent,  in  which  it  is  quite  cer- 
tain that,  for  equal  difTerences  of  temperature  between  a  body 
and  its  surroundings,  the  rate  of  loss  of  heat  is  greater  at  higher 
temperatures  than  at  lower:  or  the  body  tliat  is  really  hotter 
loses  its  heat  fastest. 


Lesson  XXV.  —  Atmospheric  Electricity 

328.  The  phenomena  of  atmospheric  electricity  a 
of  two  kinds.  There  are  the  well-known  electrical  phen 
mena  of  thundei-atorma ;  and  there  are  the  phenome: 
of  continual  slight  electrification  iu  the  air,  best  observed 
when  the  weather  is  tine.    Tbe  phenomena  of  the  Aurora 
constitute  a  third  branch  of  the  subject. 

329.  The  Thunderstorm  an  Electrical  Phenomenon. 
—  The  detonating  sparks  drawn  from  electrical  machines  I 
and  from  Lieyden  jars  did  not  fail  to  suggest  to  thB.  J 
early  experimenters,  Ilaukabee,  Newton,  Wall,  Nollet, 
and  Gray,  that  the  lightning  flaah  and  the  thunder- 
clap were  due  to  electric  discharges.  In  17-19,  Benja- 
min Franklin,  observing  lightning  to  possess  almost  all 
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tlia  properties  obserrable  in  electric  sparks,"  suggested 
tliat  the  electric  action  at  points  (Art.  46),  which  was 
discovered  by  bim,  might  be  tried  on  thuuderclouda,  and 
so  draw  from  them  a  charge  of  electricity.  He  proposed, 
therefore,  to  fix  a  pointed  iron  rod  to  a  high  tower. 
Before  Franklin  could  carry  his  proposal  into  effect, 
Dalibard,  at  Marly-la-ville,  near  Paris,  taking  up  the 
hint,  erected  an  iron  rod  40  feet  high,  by  which,  in  1752. 
he  drew  aparks  from  a  passing  cloud.  Franklin  shortly 
after  succeeded  in  another  way.  He  sent  up  a  kite  during 
the  passing  of  a  stortn,  and  found  the  wetted  string  to 
conduct  electricity  to  the  earth,  and  to  yield  abundance 
of  sparks.  These  he  drew  from  a  key  tied  to  the  string, 
a  silk  ribbon  being  interposed  between  his  hand  and  the 
key  for  safety.  Leyden  jars  could  be  charged,  and  all 
other  electrical  effects  produced,  by  the  sparks  furnisiieit 
from  the  clouds.  The  proof  of  the  identity  was  complete. 
The  kite  experiment  was  i-epeated  by  Romas,  who  drew 
from  a  metallic  string  sparks  9  feet  long,  and  by  Cavallo. 
who  made  many  important  observations  on  atmosplienc 
electricity.  In  1T53  Uichmann,  of  St.  Petersburg,  who 
was  experimenting  with  an  apparatus  resembling  that 
of  Dalibard,  wad  struck  by  a  sudden  dischai^Q  and 
killed. 

330.  Theory  of  Thunderstorms.  —  Solids  and  liquids 
canuot  be  charged  throughout  their  aubatance ;  if  charged 
at  all  the  electrification  is  upon  their  surface  (see  Art. 
41).    But  gases  and  vapours,  being  composed  of  myriads 
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of  separate  particles,  caQ  receive  a  bodily  charge.  The 
ail'  ill  a  room  in  wbicli  a,a  electric  muehiue  is  worked 
is  fouiiil  afterwards  to  be  charged.  The  clouds  are 
usually  charged  more  or  lass  with  electricity,  derived, 
probably,  from  evaporation  going  on  at  the  earth's  surface. 
The  iniuute  particles  of  wEiter  floating  in  the  air  become 
more  highly  charged.  As  they  faJl  by  gravitation  and 
unite  together,  the  strength  of  their  charges  increases. 
Suppose  eight  small  drops  to  join  into  one.  I'hat  one 
will  have  eig}it  times  the  quantity  of  electricity  dis- 
tributed over  the  surface  of  a  single  sphere  of  twice  the 
radius  (and,  therefore,  of  twice  the  capanity,  by  Art.  272) 
oE  the  original  drops;  and  its  electrical  potential  will 
therefore  be  four  times  as  great.  Now  a  iubas  of  cloud 
may  consist  of  such  charged  apheroiila,  and  its  poteutial 
may  gi'adually  rise,  therefore,  by  the  coalescence  of  the 
drops,  and  the  electrification  at  the  lower  surface  of  the 
cloud  will  become  greater  and  greatei',  the  surface  of 
the  earth  beneath  aating  as  a  condensing  plate  and  becom- 
ing charged,  by  iiifluetice,  with  the  opposite  kind  of  elec- 
trifioatioii.  Presently  the  difference  of  potential  becomes 
BO  great  that  the  intervening  strata  of  air  give  way  under 
the  sbraui,  and  a  disruptive  discliarge  takes  place  at  the 
point  where  the  air  offei-s  least  resistance.  This  lightning 
spark,  which  may  be  more  thau  a  mile  in  length,  dis- 
charges only  the  electricity  that  has  been  accumulating 
at  the  sudace  of  the  cloud,  and  the  other  parts  of  the 
cloud  will  now  react  upon  the  discharged  portion,  pro- 
ducing internal  atlraotious  and  internal  discharges.  The 
internal  actions  thus  set  up  will  account  for  the  usual 
appearance  of  a  thundercloud,  that  it  is  a  well-defined 
flat-bottomed  mass  of  cloud  which  appears  at  the  top  to 
be  boiling  or  heaving  up  with  continual  movemeuts. 

331,  Lightning  and  Thunder.  —  Three  kinds  of 
lightning  have  been  distinguished  hy  Arago:  (i.)  The 
Zig-Mff  JUiih  or  "F'irked  lightning,"  of  ordinary  oocur- 
reuce.     The  zig-zag  form  is  probably  due  either  to  the 
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presence  of  solid  particles  in  the  air  or  to  local  electrifi- 
cation at  certain  points,  making  the  crooked  path  the  one 
of  least  resistance,  (ii.)  Sheet  lightning^  in  which  whole 
surfaces  are  lit  up  at  once,  is  probably  only  the  reflexion 
on  the  clouds  of  a  flash  taking  place  at  some  other  part 
of  the  sky.  It  is  often  seen  on  the  horizon  at  night, 
reflected  from  a  storm  too  far  away  to  produce  audible 
thunder,  and  is  then  known  as  "summer  lightning." 
(iii.)  Globular  lightning,  in  the  form  of  balls  of  fire,  which 
move  slowly  along  and  then  burst  with  a  sudden  ex- 
plosion. This  form  is  very  rare,  but  must  be  admitted 
as  a  real  phenomenon,  though  some  of  the  accounts  of  it 
are  greatly  exaggerated.  Similar  phenomena  on  a  small 
scale  have  been  produced  (though  usually  accidentally) 
with  electrical  apparatus. 

The  sound  of  the  thunder  may  vary  with  the  con- 
ditions of  the  lightning  spark.  The  spark  heats  the  air 
in  its  path,  causing  sudden  expansion  and  compression 
all  round,  followed  by  as  sudden  a  rush  of  air  into  the 
partial  vacuum  thus  produced.  If  the  spark  be  straight 
and  short,  the  observer  will  hear  but  one  short  sharp  clap. 
If  its  path  be  a  long  one  and  not  straight,  he  will  hear 
the  successive  sounds  one  after  the  other,  with  a  charac- 
teristic rattle,  and  the  echoes  from  other  clouds  will  come 
rolling  in  long  afterwards.  The  lightning-flash  itseK 
never  lasts  more  than  y^^Vair  ^^  ^  second,  but  sometimes 
is  oscillatory  in  character  (see  Art.  515). 

The  damage  done  by  a  lightning-flash  when  it  strikes 
an  imperfect  conductor  appears  sometimes  as  a  disrup- 
tive mechanical  disintegration,  as  when  the  masonry  of  a 
chimney-stack  or  church-spire  is  overthrown,  and  some- 
times as  an  effect  of  heat,  as  when  bell-wires  and  objects 
of  metal  in  the  path  of  the  lightning-current  are  fused. 
The  physiological  effects  of  sudden  discharges  are  dis- 
cussed in  Arts.  255  and  825. 

The  "  return-stroke  "  experienced  by  persons  in  the 
neighbourhood  of  a  flash  is  explained  in  Art.  29. 
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333.  Lightning  Conductors.  —  The  first  suggeation 
to  protect  projievty  from  destruction  by  lightning  was 
inaiie  liy  Franklin  in  1749,  in  tlie  following  words :  — 

"Ma,y  uot  the  knriwlDdifo  ut  this  power  of  puintit  be  of  use  to 
mankind,  in  preserving  houses,  cliorches,  ships,  etc.,  from  the 
stroke  of  ligbtiiing,  by  directing  us  to  ftx  on  the  hlghiiat  parU  of 
those  ediUcee  upright  loiis  of  irun  mode  s|iarp  as  a  neeiUe,  and 
gilt  to  proveut  rusting,  aud  from  the  fuut  of  those  rods  a  wire 
down  the  outside  of  the  building  into  the  ground,  or  round  one  o( 
the  sliruiuls  ot  a  ship,  aud  down  her  aide  till  it  reaches  the  water? 
Wuuld  iKit  these  pointeil  rods,  probably  drnw  the  electrical  Gre 
silently  out  of  a  cloud  before  it  come  nigh  euougli  to  strike,  and 
thereby  secure  us  from  that  most  sudden  aud  terrible  mischief  ?  " 

Maxwell  proposed  to  cover  hnnsea  with  a  netwoi'k  of 
conducting  wires,  without  any  tnain  conductor,  the  idea 
lieiuj;  lliiit  Ihcn  th..'  interior  of  the  huilding  will,  like 
r.LV.L.Ir. '-1,1  I!  .'A  :-.l...  (Art,  nl).  li>'  r.,iii],le.lelyprol.PCted 
frniii  Mil,  II  ,-.,ntVMVi-.\   liurf  arisen  of  late 

rc-^i'  I'!-.      I'loIi-.;^!!!' 'ilivcr  Lodge  niain- 

t;iiii-  Ml.'  'i.'lii  II  •■_  il.i-li  111  I"-  of  lilt*  iiatiirijof  an  electric 
oacillatiun  (Art.  -'iIj)  rather  thiiu  it  current.  If  so,  the 
conductor  of  least  resistanue  is  not  necessarily  the  best 
lightning-rod.  Professor  Lodge  and  the  author  ind&- 
peudeiitiy,  and  tor  different  reasons,  reconnnend  iron  in 
preference  to  copper  for  lightning-rods. 

The  following  jwints  summarize  the  modern  views  on 
the  subject :  — 

1.  All  parts  of  alightning  conductor  should  be  of  one  and 
tbe  amno  metal,  avoiding  joints  as  far  as  possible,  and  with  as 
few  sharp  beads  or  comers  as  may  be. 

2.  The  use  of  copper  fur  lt)rhtD!iig-n>da  is  a  needless  extrava- 
gance. Iron  is  far  better.  lUbbon  is  Bliglitly  belter  than  round 
rod;  but  unllnary  galTani7.eil  Itod  tel efrraph- wire  is  good  euouglu 

3.  The  Fondnctor  should  termirnite  not  merely  at  the  highest 
point  of  a  building,  but  be  carried  to  all  high  points.  It  Is 
nnwiae  to  erect  Tory  tall  piilnted  rods  projecting  several  feet 
above  the  roof. 

4.  A  good  deep  WF(  "earth  "  shonld  he  provided,  independent 
□f  gas  or  water  pipes,  to  which  the  conductor  should  be  led  down. 
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n.  U  in  any  part  the  couilnctor  ^oes  near  a  gas  nc  water  {lipe 
it  IB  better  to  coDusct  them  metalltriilly  than  to  leave  ttiein  apart. 

6.  Id  ordinary  builiUu^s  tha  cniiiUic:tOT  HhonM  he  insulated 
away  Irora  the  walla,  so  as  to  leaaaa  liability  of  lateral  discharge 
to  metal  Btores  aud  thiu^pt  iiiHidu  tlio  house. 

T.  Connect  all  Gi:terual  UK^tal-work,  zinc  spoilt^,  iron  crest 
omameats,  and  the  like,  to  eacli  other,  and  to  the  earth,  bnt 
not  to  the  ligbtnliig  conductor. 

8.  The  cheapest  way  of  protecting  an  ordinary  house  is  to 
run  comnmn  galvaniKed  iron  telegraph-wire  up  all  the  comers, 
alon^  all  the  rlclges  and  eaves,  and  over  alt  tbe  (thimneyB ;  tak- 
ing them  dawQ  to  the  earth  in  several  places,  tu  a  miilEit  stratum, 
and  Ht  each  place  burying  a  load  of  coke. 

9.  Over  the  tops  of  tall  chiianeys  it  Is  well  to  place  a  loop  or 
arch  of  the  ligbtoiog  conductor,  made  ot  any  stimt  and  durable 

333.  Atmospheric  Electricity.  —  Tn  1752  Leioonnier 
observed  that  the  atnioaiihere  usually  was  in  an  electrical 
condition.  Cavallo,  Beccaria,  Ceca,  and  others,  added 
to  onr  knowledge  of  the  subject,  and  more  recently 
Qnetelet  and  Lord  Kelvin  liave  generalized  from  more 
careful  observations.  The  main  reault  is  that  the  air 
above  the  surface  of  the  earth  is  nsnally,  during  fine 
weather,  positively  electrified,  or  at  least  that  it  ia 
positive  with  respect  to  the  earth's  surface,  the  earth's 
surfxce  being  relatively  negative.  The  so-called  meaaure- 
menta  of  " atino.'^pheric  electricity"  are  really  measure- 
ments of  difference  of  potential  between  a  point  of  the 
earth's  surface,  and  a  point  somewhere  in  the  air  ahove  it. 
In  the  upper  regions  of  the  atmosphere  the  air  is  highly 
rarefied,  and  conducts  like  the  rarefied  gases  in  Geissler's 
tubes  (Art.  330).  The  lower  air  is,  when  dry,  a  non- 
conductor. The  upper  stratum  is  believed  to  be  charged 
with  -I-  electricity,  while  the  earth's  surface  is  itaelf 
negatively  charged ;  tlie  stratum  of  denser  air  between 
acting  like  the  glass  of  a  Leyden  jar  in  keeping  the 
opposite  charges  separate.  If  we  could  measure  the 
eleotric  potential  at  different  points  within  the  thickness 
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of  the  gliUM  of  a  ctiarged  jar,  we  hIiouIiI  find  that  the 
vahma  of  thu  potential  changed  iu  regular  order  from  a 
-)-  value  at  one  aide  to  a  ~  value  at  tlie  otLer,  there  being 
a  point  of  zero  potential  about  Ijalf  way  between  the  two. 
Now,  the  air  in  fine  weatlier  always  gives  +  indications, 
and  the  potential  of  it  is  higher  the  higher  we  go  to 
nieatiare  it.  Cavallo  found  higher  electrification  jnat 
outside  the  cupola  of  St.  Paul's  Cathedral  than  at  a  lower 
point  of  the  building.  Lord  Kelvin  found  the  potential 
in  the  island  of  Arran  to  inereaae  from  23  to  46  volta 
for  a  rise  of  one  foot  in  level;  but  the  difference  of 
potential  was  sonietitnea  eight  or  ten  tiinea  ns  niucli  for 
the  aatne  difEerence  of  level,  and  changed  rapidly,  ae  the 
east  wind  blew  masses  of  cloud  charged  with  +  or  — 
electricity  acroaa  the  aky.  Joule  and  Kelvin,  at  Aber- 
deen, found  the  rise  of  potential  to  be  equal  to  40  volts 
per  foot,  OF  1'3  volts  per  centimetre  rise  of  level. 

Daring  fine  weather  a  negative  electrification  o£  the 
air  is  extremely  rare.  Beoearia  only  observed  it  six 
times  in  fifteen  years,  and  then  witii  accompanying 
winds.  But  in  broken  weather  and  during  rain  it  is 
more  often  —  than  +,  and  exhibits  great  fluctuations, 
changing  from  —  to  -f-,  and  back,  several  times  in  half 
an  hour.  A  definite  change  iu  the  electrical  conditions 
usually  aceonipaniea  a  change  of  weather.  "If,  when 
the  rain  has  ceased  (said  Ceca),  a  strong  excessive  (+) 
electricity  obtains,  it  is  a  sign  that  the  weatlier  will 
continue  fair  for  several  days." 

334.  Methods  of  Observation.  —  The  older  observers 
were  content  to  affix  to  an  electi'oscope  (with  gold 
leaves  or  pith-balls)  an  insulated  pointed  rod  stretch- 
ing out  into  the  air  above  the  ground,  or  to  fly  a  kite, 
or  (as  ISccquerel  did)  to  shoot  into  the  air  an  arrow  com- 
municating with  an  electroscope  by  a  fine  wire,  which 
was  removed  liefore  it  fell,  (iay  Lussac  and  Blot  lowered 
a  wire  from  a  balloon,  and  found  a  difference  of  potential 
between  the  upper  and  lower  strata  of  the  air.    None 
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of  these  raethoda  ia  quite  sal isfac lory,  for  they  do  iiot 
indicate  the  potential  at  aciy  one  point.  To  bring  the 
tip  of  a  rod  to  Uie  sama  potential  as  the  suiTOundiiig  air, 
13  ueeesaary  that  material  particles  should  be  dis- 
charged from  that  point  for  a  short  time,  each  particle 
8  it  breaks  away  carrying  with  it  a  +  or  a  —  charge 
until  the  potentiala  are  equalized  between  the  rod  and 
air  at  that  point.  Volta  did  this  by  means  of  a  small 
flame  at  the  end  of  an  exploring  rod.  Lord  Kelvin  has 
inployed  a  '■  water-dropper,"  an  insulated  cisteFii  pro- 
vided witli  a  tt07.y,\e  piotrndiiig  into  the  air,  from  which 
drops  issue  to  equalize  the  potentials :  in  winter  he  uses 
a  small  roll  of  smouldering  touch-paper.  Dellmann 
adopted  another  method,  exposing  a  sphere  to  influence 
by  the  air,  and  then  insulating  it,  and  bringing  it  withiii' 
doors  to  examine  its  charge.  Peltier  adopted  the  kin- 
dred expedient  of  placing,  on  or  near  the  ground,  a 
deUcate  repalsion-electronieter,  which  during  exposure 
connected  to  the  gixiund,  then  insulated,  then  re- 
moved indoors  for  examination.  This  process  really 
'  aniouuted  to  charging  the  electrometer  bg  infiitence  with 
I  electrification  of  opposite  sign  to  that  of  the  uir.  The 
"quadrant"  electrometer,  described  in  Art.  288,  and  a 
"portable"  electrometer  on  the  attracted-disk  principle, 
are  now  used  for  obworvations  on  atmospheric  electricity. 
Using  a  water-dropping  collector  and  a  Kelvin  electro- 
meter, Everett  made  a  series  of  observations  in  Nova 
Bcotia,  and  found  the  liighest  +  electrification  in  frosty 
weather,  with  a  dry  wind  charged  with  pariricles  of  ice. 
336.  Dinmal  Vaiiationa.  —  Quetelet  found  that  at 
'  Brussels  tlie  daily  indications  (during  fine  weather) 
.  showed  two  maxima  occurring  in  summer  at  S  a.m.  and 
'  0  P.M.,  and  in  winter  at  10  a.m.  and  0  p.m.  respectively, 
and  two  minima  which  in  summer  wei-e  at  the  hours  of 
3  P.M.  and  about  midnight.  He  also  found  that  in  Janu- 
ary the  electricity  was  about  thirteen  times  as  strong  as 
in  June.    At  Ebw  there  is  f  ' 
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inil  at  10  A.M.  in  winter;  and  a  second  mini- 
mum  at  1(1  r.ft.  in  summer  aud  7  p.m.  in  winter.  The 
maxima  cori^espond  fairly  with  hours  of  cliangiiig  tem- 
perature, t]ie  ini'riimn  witji  tliose  of  cuiiRtaiit  temperalare. 
Tn  Paris,  M.  Musctirt  fiuds  but  one  maximum,  just  before 
midnight :  a,t  sunrise  the  electricity  diminishes  until  about 
3  P.M.,  when  it  has  reached  a  miuimum,  whence  it  rises  till 
nightfall. 

Our  knowledge  of  thia  important  snliject  is  still  very 
imperfect.  We  do  not  even  know  whether  all  the 
changes  of  the  earth's  elect rifl nation  relatiTeSy  to  the  air 
are  due  to  causes  operating  aliove  or  below  the  earth's 
surface.  Simultaneous  observattouB  at  dilferent  places 
and  at  dilferent  levels  are  greatly  wanted. 

330.  The  Aurora. — lu  all  the  northern  regions  of 
the  earth,  the  Aurora  iorenlin,  or  "Northern  Lights,"  is 
ail  occasional  phenomenon',  and  within  and  near  the 
Arctic  circle  is  of  almost  nightly  occurrence.  .Similar 
lights  are  seen  in  the  south  polar  regions  of  the  earth, 
and  are  denominated  Aurora  australit.  As  seen  in. 
Kiiropean  latitudes,  the  usual  form  assumed  by  the 
aurora  is  that  of  a  number  of  ill-defined  streaks  or 
streamers  of  a  pale  tint  [sometiinea  tinged  with  red  and 
other  colours),  either  radiatiug  in  a  fau-like  form  from 
the  horizon  in  the  direction  of  the  (magnetic)  north,  or 
forming  a  sort  of  arch  across  that  region  of  the  sky, 
of  the  general  form  shown  in  Fig.  160.  A  certain  flick- 
ering or  streaming  motion  is  often  discernible  in  the 
streaks.  Under  very  favourable  circumstances  the  au- 
rora extends  over  the  entire  sky.  The  appearance  of 
an  aurora  is  usually  accompanied  by  a  magnetic  storm 
(Art.  15D),  affecting  tlie  conipass-needles  over  whole 
regious  of  the  globe.  This  fact,  and  the  position  of  the 
auroral  arches  and  streamers  with  respect  to  the 
magnetic  meridian,  directly  suggest  an  electric  origin 
for  tlie  light,  —  a  conjecture  winch  is  confirmed  by  the 
many  analogies  found  between  auroral  phen 


.  a  retnarkabla  outburst  o£  energy  took  place  in  the 
f  photosphere  of  the  sun ;  but  no  sinraltaiieoiis  develop- 
I  ment  of  atmosjihflrio  eloctrioity  wna  recorded.  Aurone 
L  appear  in  greater  frec[tieiiGy  in  periods  of  about  11^ 
1  jears,  which  agrees  jiretty  well  with  the  cycles  of 
I  of  magnetic  Btornis  (see  Art  159)  and  of 
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The  spectroBcope  shows  the  auroral  light  to  be  due 
to  gaseous  matter,  its  apectrnm  consistiog  of  a  few  bright 
lines  nut  referable  with  certainty  to  any  knoTm  terrestrial 
Bobstance,  but  haviug  a  general  resemblance  to  those 
seen  in  the  spectrnm  of  the  electric  discharge  through 
rarefied  dry  air. 

The  moat  probable  theory  of  the  aurora  is  that  origi- 
nally due  to  Franklin ;  namely,  that  it  m  due  to  electric 
diHcliarges  in  the  upper  air,  in  conseiiuence  of  the  differ- 
ing electrical  conditiune  between  the  cold  air  of  the  polar 
regions  and  the  warmer  etreaina  of  air  and  va[)our  nused 
from  the  level  of  the  ocean  in  tropical  regions  by  the 
heat  of  the  sun. 

According  to  Nordenskiold  the  terrestrial  globe  is 
perpetually  surrounded  at  tlie  pules  with  a  ring  or  crown 
of  light,  single  or  double,  to  which  he  gives  the  name  of 
the  "  aurora-glory."  The  outer  edge  of  thiN  ring  he  esti- 
mates to  be  at  120  miles  above  the  earth's  surface,  and 
its  dianiflter  about  )2.'>0  miles.  Tlie  centre  of  the  aurora- 
glory  is  nut  (juite  at  the  magnetic  pole,  being  in  lat.  81° 
N.,  long.  80°  E.  This  aurora-glory  usually  appears  as  a 
pale  arc  of  light  across  the  sky,  nnd  is  destitute  of  the 
radiating  streaks  shown  in  Fig.  ItiO,  except  during 
magnetic  and  auroral  stornin. 

An  artificial  aurora  has  been  produced  by  Lemstrom, 
who  erected  on  a  mountain  in  Lapland  a  network  of 
wires  presenting  many  points  to  the  sky.  By  insulating 
this  apparatus  and  connecting  it  by  a  telegraph-wire  with 
a  galvanometer  at  the  bottom  of  the  moniitain,  he  was 
able  to  observe  actual  currents  of  electricity  when  the 
auroral  beam  rose  above  the  mountain. 
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ELECTROMAGNETICS 

Lesson  XXVI.  —  Magnetic  Potential 

337.  Electromagnetics.  —  That  branch  of  the  science 
of  electricity  which  treats  of  the  relation  between  elec- 
tric currents  and  magnetism  is  termed  Electromagnetics. 
In  Arts.  128  to  140  the  laws  of  magnetic  forces  were 
explained,  and  the  definition  of  "  unit  pole  "  was  given. 
It  is,  however,  much  more  convenient,  for  the  purpose  of 
study,  to  express  the  interaction  of  magnetic  and  electro- 
magnetic systems  in  terms  not  of  "  force  "  but  of  ^^poten- 
tial " ;  t.e.  in  terms  of  their  power  to  do  work.  In  Art. 
263  the  student  was  shown  how  the  electric  potential  due 
to  a  quantity  of  electricity  may  be  evaluated  in  terms  of 
the  work  done  in  bringing  up  as  a  test  charge  a  unit  of 
+  electricity  from  an  infinite  distance.  Magnetic  poten- 
tial can  be  measured  similarly  by  the  ideal  process  of 
bringing  up  a  unit  magnetic  pole  (N-seeking)  from  an 
infinite  distance,  and  ascertaining  the  amount  of  work 
done  in  the  operation.  Hence  a  large  number  of  the 
points  proved  in  Lesson  XXI.  concerning  electric  poten- 
tial will  also  hold  true  for  magnetic  potential.  The 
student  may  compare  the  following  propositions  with  the 
corresponding  ones  in  Articles  263  to  268 :  — 

(a)   The  magnetic  potential  at  any  point  is  the  work  that 
must  he  spent  upon  a  unit  magnetic  (N-seeking) 
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pole  in  bringing  it  np  to  that  point  from  an  injiniu 
tlintance. 

(b)  The  magnetit:  potential  at  any  point  due  to  a  system 
of  magnetic  poles  is  the  sum  of  the  separate  magnetic 
potentials  due  to  the  separate  poles. 

The  student  iiiiist  here  remember  tliat  the  poteotialB 
due  to  S-seekiiig  fioles  will  be  of  opposite  sigti  to  those 
due  to  N-seeking  poles,  and  must  he  reckoned  ba  negative. 

(c)  The  {iiiaijiietic)  potential  at  any  point  due  to  a  system 
of  magnetic  pnUs  may  he  calculated  (compare  with 
Art.  203)  hy  summing  up  the  strengths  of  the  sep- 
arate pules  divided  each  by  its  own  distance  from 
that  point.  ThuB,  if  poles  of  strengths  m',  m", 
Ml'",  etc.,  be  respectively  at  distances  of  r*,  r",  r"', 
.  .  .  from,  a  point  1',  then  the  following  equa^ 
tiou  gives  the  potential  at  1':  — 


or  Vr=S^- 

(d)  The  difference  of  (magnetic)  potential  belioeen  tum 
points  is  the  work  to  be  done  on  or  by  a  unit 
(N'Seeking)  pole  in  monng  it  from  one  point  to  the 
other.  It  follows  that  if  m  units  of  magnetism 
are  moved  through  a  difference  of  poteutial  V,  the 
work  W  done  will  be 

W  =  mV. 

(e)  Magnetic  force  on  unit  pole  is  the  rate  of  change 
of  (magneticy  potential  per  unit  of  length :  it  is 
numerically  equal  to  the  intensity  of  the  field. 
Since  by  Art.  141, 

and  ivoik  is  the  pioduct  of  a  force  into  the  length 
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through  which  its  point  of  application  n 
ward,  it  follows  that 


whence 

H  =  v/i. 

Exajnple, — The  difference  of  magnetie  potential  between  two 
points  3  ceotima.  apurt  along  a  magnetic  Held  in  which  there 
aie  6000  lioos  jiei  sq.  cm.,  is  30,000.  Or,  it  would  require 
30,000  erga  of  work  U>  be  expended  M  push  a  unit  pole  from 
one  point  to  the  other  against  the  magnetic  force, 

(f)  Equipaicnt'uti  stir/aees  are  iJivse  (mai}inai'y)  stir/acet 
aurroumting  a  magnetic  pole  or  lyalem  of  polen,  orer 
lekich  the  (magnetic)  polertlial  hat  equal  valves. 
Thus,  around  a  single  iBoliited  magnetic  pole,  the 
potential  would  be  equal  all  round  at  equal  dis- 
tancea;  and  the  equipatential  Hurfaces  would  be 
a  system  of  concentric  sphei'es  at  such  distances 
apart  that  it  would  require  the  expenditure  of  one 
erg  of  work  to  move  a  unit  pole  up  from  a  point 
on  the  surface  of  one  sphere  to  any  point  on  tlio 
next  (see  Fig.  146).  Around  any  real  magnet 
possessing  two  polar  regions  the  equipotential  sur- 
faceB  would  be  much  more  complicated.  Magnelie 
force,  whether  of  atlraciian  or  repuUion,  always  acts 
acrots  the  equipotential  surfaces  in  a  direction  nor- 
mal to  the  surface;  the  magnetic  lines  offeree  are 
everywhere  perpendicular  to  the  equipotential  sur- 

Fliut  of  Force.  ^  From  a  single  magnetic  pole  (sup- 
posed to  be  a  point  farremoved  from  all  other  poles)  the 
lines  of  force  diverge  radially  in  all  directions.  The 
apace  around  may  be  conceived  as  tlius  divided  up  into 
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a  number  of  conical  regions,  each  having  their  apex  at 
that  pole;  and  through  each  cone,  as  through  a  tube, 
a  certfun  number  of  lines  of  force  will  pasfl.  Such  a 
conical  space  niay  be  called  a  "tube"  of  force.  The 
total  number  of  magnetic  lines  within  any  tube  of  force 
is  called  the  magnetic  Jlux.*  So  matter  where  you  cut 
across  a  tube  of  force,  the  cross-aection  will  cut  through 
the  enclosed  flux,  though  the  lines  diverge  more  widely 
aa  the  tnbe  widens.     Hence, 


(g)  The  mngneiic  jlux  acre 
force  is  conglant  irlierere: 


IS  any  seeimn  nf  a  lube  of 
the  lecliim  be  taken. 

In  case  the  magnetism  is  not  concentrated  at  one 
point,  but  distributed  over  a  surface  from  which  the 
tubes  start,  we  shall  have  to  speak  of  the  "  amount  of 
magnetism  "  rather  than  of  the  "  strength  of  pole,"  and 
in  such  a  case  the 

(h)  Magnetic  ileitail;/  is  the  amount  of  magnetism  per 

unit  of  surface.     In  the  ease  of  a  simple  magnetic 

shell  over  the  face  of   which   the   magnetism   is 

distributed  with  uniform  density,  the  "strength" 

of  the  shell  will  be  equal  to  the  thickness  of 

the  shell  multiplied  by  the  surface-density. 

—      338.   Intensity  of  Field.  — We  have  seen  (Art.  115) 

that  every  magnet  is  siirroundud  by  a  certain  "field," 

within  which   magnetic   force  is  observable.     We   may 

completely  specify   the   properties   of   the   field   at   any 

point  by  measuring  the  strenijth  and  the  liireclion  of  that 

force,  —  that  is,  by  measuring  the  "intensity  of  the  field" 

and  the  direction  of  the  lines  of  force.     The  "  intensitij  of 

the  field  "  at  any  point  i*  measured  by  Ike  force  with  irkick 

it  acts  on  a  unit  pole  placed  at   that  point.      Hence,  unit 

intetuit;/  nf  field  I'l  that  iiUensity  of  field  mhiah  acli  on  a  unit 

pole  mth  a  force  of  one  dyne.    There  is  therefore  a  field  of 

•  The  magnttfafivx  la  by  some  wriipra  aillml  the  lalat  Induction; 
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unit  intensity  at  a  point  one  centimetre  distant  from  the 
pole  of  a  magnet  of  unit  strength.  Suppose  a  magnet 
pole,  whose  strength  is  m,  placed  in  a  field  at  a  po\pt 
where  the  intensity  is  H,  then  the  force  will  be  m  times 
as  great  as  if  the  pole  were  of  unit  strength,  and 

/=  m  X  H. 

To  aid  the  imagination  by  a  graphic  conception  we 
adopt  Faraday's  notion  of  representing  the  properties  of  a 
magnetic  field  by  supposing  lines  to  be  drawn  so  that 
they  represent  the  direction  and  intensity  of  the  field  by 
the  direction  and  density  of  the  lines.  This  leads  to  the 
empirical  rule  to  draw  as  many  magnetic  lines  to  the 
square  centimetre  (of  cross  section)  as  there  would  be 
dynes  of  force  on  unit  pole.  A  field  of  H  units  means 
one  where  there  would  be  H  dynes  on  unit  pole,  or  H 
lines  per  square  centimetre.  It  follows  that  a  unit  mag- 
netic pole  will  have  ^w  lines  of  force  proceeding  from  it:  for 
there  is  unit  field  at  unit  distance  away,  or  one  magnetic 
line  per  square  centimetre;  and  there  are  47r  square 
centimetres  of  surface  on  a  sphere  of  unit  radius  drawn 
round  the  pole.  A  magnet,  whose  pole-strength  is  m,  has 
47rm,  or  12-57  x  m,  lines  running  through  the  steel,  and 
diverging  at  its  pole.  The  above-mentioned  rule  is  the 
origin  of  the  47r  symbol  which  comes  in  so  often  into 
electromagnetic  formulae.  Suppose  a  narrow  crevasse 
between  the  faces  of  two  opposing  magnets,  each  having  <r 
units  of  magnetism  per  square  centimetre  of  their  pole 
surfaces.  The  field  in  the  space  between  will  have  the 
value 

H  =  47r(r. 

330.  Work  done  by  Conductor  carrying  Current 
when  it  cuts  across  the  Lines  of  a  Magnetic  Field. — 
By  definition  (Art.  263)  it  follows  that  the  work  W 
done  in  moving  Q  units  of  electricity  against  an  electro- 
motive-force V  is  equal  to  QV.     Suppose  that  this  electro- 
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motive-force  is  due  to  the  couductor  cuttinj^  N  luugnetic 
lines  during  time  I.  Then  if  the  motion  be  uniform  and 
th^  average  current  during  the  time  is  called  C,  it  fullows 
that  Q  =  Ci.  Aud  the  average  electromotive-force  la  (see 
Art.  225)  =  H/(.     Inaertiiig  these  values  we  get 

W  =  C!  X  N/l, 
or  W  =  CH ; 

or,  in  words,  tie  work  done  t'n  taovirtg  a  current  across  a 
mngnelic  Jl,iix  is  e']ual  to  the  producl  of  the  current  into  the 
liitnl  number  of  mngnelic  lines  cut.  It  wiil  be  noted  that 
the  ^vork  iis  the  same  whether  the  time  is  long  or  short. 
If  C  and  N  are  in  absolute  (C.U.S.)  units,  W  will  be  in 

340.  Force  exerted  by  Magnetic  Field  on  Wire  cany- 
ing  Current.  — If  a  wire  is  moved  sicJowajs  acrosB  tha 
liiiea  of  a  magnetic  field,  liirough  a  distance  x  it  will 
sweep  ont  an  area  equal  to  iU  own  length  I  multiplied 
by  X.  And  if  H  is  the  uumbei-  of  maguetic  lines  per 
square  centimetre  the  total  number  of  lines  cut  will  be 
=  Wx ;  and  the  work  doue  if  the  wire  carries  current 
C  will  he  =  Cffii,  But  if  woi'k  W  is  done  in  moving  !he 
wire  through  distance  x  the  force  /  exerted  will  be  W/x. 
Hence  the  force  on  the  wire  will  be 

f=VHl; 
or,  in  words,   the  force   is  proportional   to  the  curreiU,  to 
the  iiUtTisily  vf  the  feld,  and  to  Ike  length  of  a 


field.     It 
acting  at  right 
field. 

This  action 
medium,  and  i 
the  magnetic  & 
a  similar   S-pole.     The   I 
straight 


tliat  tends  to  drag  tlie  wira  laterally, 
igles  to  the  wire  and  to  the  lines  of  tbe 


of  con       d      tot  g      goiin  the 

wortl  y     f   f     tl        th     ght      Consider 

g  p  I  tw        a  la  g   N  pole  and 

a  ly  u  iformly 

I  pe    wire  that 


3  the  field.    In  Ii  g   1  U  th 
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ways,  with  the  current  flowing  "  up "  or  toward  the 
ohaervBr.  Tho  result  will  bo  that  the  magnetic  field  of 
the  current  (Art.  202)  wOi  he  superposed  upon  that  ot 

the  mi^^neta,  and  will  

perturb  it:  the  foini 
of  the  perturbed  Held 
beiiig  that  shown.  In 
such  afield  the  stresHe8. 
which  act  as  though 
the  magnetic  lim^n 
tended  to  nhortfin 
theniselvca,  will  h«ve 
the  effect  of  urging  the 
wire  meehauically  in 
the  direction  shown. 
This  mechanical  foiee 
acts  on  the  matter  of 

he  wire,  tliougli  due 

o  the  current. 

la  calculating  by 
the  expression  above,  i 
divided  by  10. 

341.  Hagnetomotive-foice  (or  Total  Hagaetizing 
Force)  of  a  Current  circulating  in  a  Spiral  Conductor.  — 
Let  a  conductor  cm-ryiiift  a  current  oC  C  anipercK  lu-  ciiileil 
up  ill  a  spiral  h.iving  S  a.f  the  number  of  turns.  It  is 
known,  aud  easily  uiideratood,  that  the  total  magnetizing 
force  of  such  is  proportional  to  the  number  of  ampere- 
lis;  for  expEriment  shows  that,  for  evamplc,  a  current 
of  10  amperes  circulating  in  a  coil  of  50  turns  has  pre- 
cbely  the  same  magnetic  power  as  n  current  of  5  am[ieres 
in  100  turns,  or  as  a  current  of  1  ampere  in  500  turns. 
Each  of  these  has  500  ampere-turns. 

To  obtain  the  full  expression  let  us  find  the  work  that 
would  be  done  in  the  act  of  moving  a  unit  magnet^pole 
around  any  closed  path  (Fig.  171)  from  any  point  P  to 
the  same  point  again,  such  path  passing  through  all  the 


given  in  amperes  it  must  be 


^mir: 
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turDa  of  the  magnetmmg  coil.  The  wurk  done  on  a  unit 
pole  in  moving  it  once  around  the  closed  patli,  at'a,inat 
the  magnetic  forces  of  the  system,  is  a  measure  of  the 
power  of  that  system  to  magnetize  ;  or,  in  other  words,  ia  a 
nieasure  of  its  magnetomotive-force.  Such  a  closed  path 
may  lie,  accoi-ding  to  circnniatances,  either  wholly  in  air, 
■r  partly  in  air  partly  in  iron,  or  whoUy 
II  iron.  The  argument  is  entirely  in- 
depenilent  of  any  materials  lying  along 

'v..  ■'     the  ideal  path. 

fiK.  ni.  Now  imagine  tiiJs  unil^pole,  with  its 

4jr  magnetic  liuea  radiating  out  of  it,  to 
be  passed  along  the  closed  path  {Fig,  171)  from  P,tlirough 
the  spirals  to  1' again.  Each  turn  of  the  coil  will  cut  each 
of  the  magnetic  lints  once,  and  therefore,  by  Arts.  338 
and  330,  the  total  work  done  wilt  be 

W  =  IttC'S/IO, 

where  we  divide  by  10  to  bring  amperes  to  C.G.S.  units. 
()i,  since  4jr  =  12'57,  wa  get  the  rule  —  the  ■magagtomolive- 
foree*  of  a  coil  ia  equal  to  1-257  times  the  ampere-lumx. 

342.  Intensit]'  of  Field  is  a  Long  Tolnilar  Coil,  di 
Solenoid.  ^  A  spiral  coil  wound  on  a  tube  is  called  a 
solenoid.  It  has,  when  a  current  circulates  in  its  coils, 
a  magnetic  field  along  the  inside  of  it,  and  is,  in 
fact,  BO  long  Hu  the  current  circulates,  a  magnet  without 
iron.  This  magnetic  field,  if  the  spiral  is  a  very  long  one 
—  Bay  20  times  as  long  as  the  diameter  of  the  spirals, — 
ia  very  uniform  all  along  the  interior,  except  just  toward 
the  ends,  where  it  becomes  weaker.  To  find  the  intensity 
of  the  field  H,  we  may  remember  that  (Art.  337  e)  the 
work  done  on  a  unit-pole  in  moving  it  through  a  length 
I  of  field  H  is  equal  to  Hi.      But  the  work  done  in 


Knt-Megral  iff  tlit  magattiting  forcei. 
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moving  it  along  the  tubular  coil  of  length  I  is  practically 
equal  to  that  doue  around  the  closed  path,  since  neai'ly 
all  the  forces  are  met  along  tlie  pai't  of  the  path  inside. 
Hence  we  may  equate  4)rCS/lO  to  K;  giving  the  result 

H  =  —  V  £-^ 

It)    r 

or  the  itttejoity  of  the  Jield  in  a  long  i^iral  is  equal  to  1*257 
times  ike  number  of  ampere-turtis  per  centimetre  of  length. 

At  the  moutli  of  a  long  spiral  the  intensity  of  the  field 
is  exactly  half  what  it  is  midway  between  the  ends. 

343.  Magnetic  Field  due  to  Indefinitely  Long  Straight 
Current.  Law  of  Inverse  Simple  Diatance.  ^-  Consider  a 
unit-pole  at  point  P  at  a  distance  r  (Fig. 
172)  froTo  an  indefinitely  long  straight  con- 
ductor carrying  a  current  of  C  amperes. 
The  force  lending  to  mate  the  pole  circulate 
around  the  wire  may  be  caleulated  very  sim- 
ply as  follows.  If  the  uuit-pole  were  to  be  ' 
moved  once  around  the  wire  on  a  circular 
path  with  radius  r,  each  one  of  the  4n-  mag- 
netic Hues  that  radiate  from  it  woidd  be  cut 
ouce  by  the  wire.  Hence,  by  Ai-t.  339,  the 
■work  done  in  one  such  revolution  would  be  *^-  '"■ 
equal  to  4TrC/10.  But  this  work  lias  been  done  by  mov- 
ing the  unit,  against  the  foi'ces  of  the  system,  along  a 
path  the  length  of  which  is  Sirr;   wherefore 

W=/x  2)rr  =  4)rC/10, 

/=2C/10r- 

From  this  it  appears  that  the  force  on  unit-pole,  and 
therefore  the  intensity  of  the  field,  is  direclly  proportional 
to  the  current,  and  narle*  ineerselg  as  the  simple  distance 
from  the  wire. 

-The  force  exerted  on  a  pole  of  1200  units  of 
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magnetism  at  a  distance  of  4  centimetres  from  a  long 
straight  wire  carrying  current  of  60  amperes  will  be  3600 
dynes,  or  3*52  grammes. 

The  fact  that  the  force  varies  inversely  as  the  simple 
distance,  and  not  as  the  square,  was  experimentally 
discovered  by  Biot  and  Savart  in  1820. 

Around  such  a  straight  conductor  the  magnetic  field 
consists  of  a  cylindrical  whirl  of  circular  lines  (Art.  202), 
their  density  decreasing  as  their  radius  increases.  Outride 
a  straight  wire  carrying  a  10  ampere  current  the  values  of 
Hare:  2  at  1  cm.;  1  at  2  cm.;  0*4  at  5  cm.,  and  so 
forth.  The  pole  tends  to  move  circularly  around  the 
wire. 

344.  Mutual  Action  of  Magnet-pole  and  of  Element 
of  Current.  —  Consider  an  element  of  current,  that  is  to 

say,  an  indefinitely  short  piece 

I  of  a  conductor  traversed  by  a 

*  current.     Calling  the  length  dl, 

^l     and  the  current  C,  we  have  CrfZ 

as   the  magnetic  value  of  the 

I  element    with    respect    to    all 

Pj-  Y[^  points    in    its  equatorial  plan. 

Suppose  the  element  to  be  set 
(Fig.  173)  at  distance  r  from  a  magnet-pole  of  m  units, 
and  at  right  angles  to  the  line  joining  them.  Then, 
as  the  element  is  small  compared  with  r,  the  law  of 
inverse  squares  will  hold  good:  the  mutual  force  will  be 

-_  m-Cdl 
*^~    10t2* 

This  will  be  neither  an  attraction  nor  a  repulsion,  but  a 
force  at  right  angles  to  the  element  and  to  the  line  join- 
ing it  to  m. 

346.  Magnetic  Field  due  to  Circular  Current.  —  It 
is  desired  to  find  the  effect  of  a  circular  current  (Fig. 
174)  at  any  point  on  the  axis,  at  a  distance  x  from  the 
centre.     Suppose  a  unit-pole  were  placed  at  this  point 


m 


r 
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P,  only  a  fraction  of  the  4Tr  liues  which  radiate  from  it 
will  paBS  through  the  circle ;  the  number  Ijeiag  propor- 
tional  to   the   solid-angle    (Art.   148)  , 
subtended  at  F  by  tlie  circle,  namely 
2ir  (1  -  cos  $),  where  0  is  the  angle 
between    axis  and  slant  distance   a. 
Hence  in  bringing  up  the  pole  to  tliis  1 
place,  from   an   infinite  distance,  the 
work  done  by  causing  these  lines  to            Fie- 1". 
cut  across  the  wire  carrying  current  C  amperes  will  be 
(by  Art.  33B) 

W  =  2irC(l  -cose)/10. 
This  represents  the  mutual  energy  of  pole  and  current. 
To  calculBte  the  force  at  F  we  must  differentiate  this 
expression  with  respect  to  x,  to  ascertain  the  rate  at  wh  ich 
the  mutual  energy  falls  per  unit  length.  For  this  purpose 
it  will  be  convenient  to  substitute  for  cos  6  its  value 
i/(i^  -j-  y')'.     Substituting  and  differentiating  we  get 

/=  JW/to  =  A -CsV<>^ +  »")'• 

Now  (i^  +  y'^P  ia  equal  to  a';  whence  the  rule  that  the 
magnetic  force  at  any  point  P  on  the  axis  varies  directly 
as  Uie  current,  and  incerselii  as  the  cuie  of  the  slant  distance. 
(Compare  case  of  a  bar-magnet,  Art.  1^6.) 

Another  way  of  arriving  at  this  result  is  as  follows. 
Taking  the  expression  found  in  Art.  344  for  the  action  of 
an  element  of  current,  we  may  consider  the  efieot  of  the 
topmost  element  of  the  ring  {Fig.  174),  situated  at  a 
slant  distance  a  =  Vr'  +  j*.  The  elementary  force  df 
exerted  on  unit-pole  at  P  by  the  element  Cdl  will  be  at 
light  angles  to  a  and  to  dl  (in  direction  of  the  arrow), 
and,  by  Art.  206,  of  the  value 

d/=Cdl/i<,a'. 

As  the  elements  such  as  dl  are  symmetrical  around  the 
>x)s  we  must  resolve  their  oblique  forces  into  two  parts; 


ELECTRICITY   AND   MAGNETISM 


part  acting  nt  right  angles  to  the  uxis,  which  will  dis> 
appear  by  mutually  caucelliiig  out  iu  pairs,  and  port 
acting  in  the  line  of  the  axis,  which  will  for  each  element 
be  equal  to  tlie  aboye  expression  multiplied  by  sin  0,  So 
that  the  elenientaiy  axial  force  due  to  each  element  of 
length  dl  will  be 

rf/=Cd:-Bine/ioo"; 
or,  since  sin  6  =  y/a, 

df=Cdl-ym/a». 
But  the  total  force /due  to  all  the  elements  will  be  the 
integral  due  to  the  sum  of  their  lengths,  and  this  integral 
length  around  the  circle  ia/dt  =  2vy.     Whence  it  at  onoe 
follows  that 

/=2xCjVi.o-. 

Note  that  if  P  is  pushed  up  to  the  centre  o£  the  circle 
1  —  y,  and  we  get  back  to  the  rule  for  tangent  galva- 
nometer (Art,  212),/=  2jrC/ior. 

Also  note  that  for  very  great  distances  of  P  from 
centre  a  becomes  sensibly  equal  to  x,  the  force  varying 
inversely  as  the  cube  of  the  axial  distance. 

This  atforda  one  way  of  varying  the  sensitiveness  of 
tangent  galvanometers,  the  needle  with  its  scale  being 
arranged  to  slide  out  along  the  asis  of  the  coil.  At  a 
point  P,  such  that  a  =  lij,  the  force  of  coil  on  needle  is 
only  \  of  what  it  ia  at  centre. 

346.  Moment  of  Circular  Coil.  —  A  circular  coil  carry- 
ing a  curient  acts  as  a  magnet  whose  axis  is  the  axis 
of  the  coil  Its  magnetk  moment  (Art.  135)  will  be  the 
product  of  the  current  (iu  absolute  units)  into  the  ai'ea 
enclosed  Ur,  if  C  is  in  amperes,  and  A  the  total  area 
of  all  the  turns,  its  moment  will  be  AC/10.  If  such  a 
coil  13  pHced  in  a  field  of  intensity  E  it  will  tend  to 
turn  so  as  to  place  its  axis  along  the  direction  of  the  field. 
If  the  angle  between  those  directions  is  fl  the  torque  (or 
turuing-moment)  will  be  =  ACH  sin  tf/IO. 


POTENTIAL   OF   MAGNETIC   SHELL 


347.  Potential  due  to  a  Solsnoidal  oi  Ciicaltal  DiatribatlM 
of  Uaenetiam,  —  A  long  thin  uniformly  magnetized  magnet 
eiliibits  poles  only  at  the  two  ouda,  and  acts  on  eiterual  otjecta 
jnst  ae  if  there  were  two  equal  quantities  of  opposite  kinds  of 
magnetism  collected  at  these  two  points.  Such  a  distribntioo 
of  magnetism  is  BometimeB  called  aolenoidal  or  circuitat.  The 
magnetic  potential  due  to  a,  Holenoid,  and  all  its  magnetic 
efFects,  depend  only  on  the  position  of  its  two  poles,  and  on 
their  strength,  and  not  on  the  form  of  the  bar  between  them, 
whether  straight  or  curved.  Id  Art.  337  (c)  was  given  the  role 
for  finding  the  potential  duo  to  a  systom  of  poloa.  Suppose  the 
two  poles  of  a  solenoid  have  strengths  +  m  and  —  m  respectively, 
and  that  the  distances  of  these  poles  from  an  external  point  P 
are  Tj  and  ri,  then  the  potential  at  P  will  he 

Vi    '■3/ 

Suppose  a  magnet  curled  round  until  its  N  and  S  poles  toueh 
one  another;  it  will  not  act  as  a  maKnet  on  an  exterual  object, 
and  will  have  no  "  field  "  ;  for  if  the  two  poles  are  In  contact, 
thoic  distances  ri  and  rj  to  an  external  pointP  will  he  equal,  and 

-i^willbe  =  0. 


348.  Potential  dne  to  a  Magnetic  Shell.  —  Oanas  demon- 
strated that  llie  potential  diie  to  a  inagneiic  shell  at  upoint  near 
it  it  eqvnl  to  the  atrenyth  qfthi'  shell  multiplied  by  the  eolid~angle 
Kxibtfndedby  the  shell  at  that  point :  the"  strength  "of  a  magnetic 
Bbsll  being  the  product  of  its 
thickness  into  its  surface- 
density  of  magnetization 

If  "  represents  the  solid 
angle  anbtended  at  the  point 
P,  and  I  the  strength  of  the 
shell,  then 


Proof.  — To  establish  this  Fig.  na. 

proposition  would  require  tbe 

integral  calculus.    But  the  following  geometrical  dcmonBtratlon, 
though  incomplete,  must  here  sofllce. 

Let  ns  cniisider  tbe  shell  as  composed,  like  that  drawn,  of  a 
serlM  of  small  elements  of  thickness  I,  and  having  each  nu  area 
of  iorlace  a.    The  whole  Bolld-autj;le  subtended  at  P  by  the  shell 


a-a 
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may  likewise  bet^nnceiveduBmaile  up  of  aDumberuF  Hlementary 
Bmall  cones,  each  ot  aoliil-ungle  " :  Let  ri  uad  i-^  be  tlw  dlsUnees 
[riini  P  to  the  two  Faces  ot  the  olemeat:  Let  a,  Boctlon  be  made 
HcroBS  the  amall  cuue  orthogonnlly,  or  at  right  angles  to  r,.  and 
call  the  area  ot  tlijs  sectioo  ii :  Let  the  angle  IraCweeii  the  aai- 
taces  s  Bad  a  be  called  aaf{le  B:  then  a  ^  o/oos  0.  Lut  i  h«  the 
"Htrength"  of  the  shell  {i.e.  =  its  h  orf ace-dee  si  ty  of  magnetism 
X  Its  thickness);  then  i/(  =  surfaue-denalty  ol  magnBtiara,  and 
si/<  =  strength  of  either  pole  of  the  little  inagnet  =  m. 


Now  solid-angle 


ta  of  Its  orttii'i 


But  the  potential  at  P  ot  the  magnet  whose  pole  i 


because  i\  and  >■ 


-,  which  we  may  write  — j^— 
nay  be  made  as  nearly  equal  a 


or  the  potenti.ii  dne  to  the  element  ot  the  shell  =  the  strength 
nf  the  shell  x  the  luilld-angie  subteuded  by  the  element  ot  the 
shell.  Hence,  if  V  be  the  sum  ot  all  the  valuus  of  v  for  all  the 
different  elements,  and  if  "i  be  the  whole  solid-angle  {the  anm 
of  alt  the  small  solid-angles  sucb  as  u), 

Vp  =  ««, 
or  cbe  potential  due  to  a  magnetic  shell  at  a  point  is  eqUEj  to 
the  strength  ot  the  shell  multiplied  by  the  solid-angle  BQhtended 
by  the  whole  ot  the  shell  at  that  point. 

Hence  "'i  represents  the  work  that  would  have  lobe  done  on  or 
by  a  unit-pole,  to  being  It  up  from  an  InQnite  distance  to  the  point 
1',  where  the  shell  subtends  the  solid-augle  u.    At  a  point  Q 
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iThere  Che  solid-angle  aubtetidad  b;  the  shell  is  different,  the 
potential  will  be  different,  the  difference  of  yoteutial  between 
P  and  Q  being 

V„-¥,.i  (-.-.,). 

If  a  magnet-pole  whose  strength  la  m  were  hronght  op  to  P, 
m  times  the  work  woulil  have  to  be  done,  or  the  mutual  poteo- 
tlal  would  be  =  mini. 

348,  Potentiia  of  a  Magnet-pole  on  a  Shell.  — It  is  evi- 
dent  that  If  the  shell  of  strenj^  t  is  to  be  pliured  where  It 
Eubtends  a  Bolid-angle  u  at  the  pole  iii.  It  would  require  the 
expeaditure  of  the  same  amount  ul  work  to  bring  up  llie  shell 
from  an  infinite  distance  on  the  one  hand,  as  Ui  liring  up  the 
magnet-pole  from  an  infinite  distance  on  the  other ;  hence  m-i 
represents  both  the  potential  of  tbe  polo  on  the  shell  and  the 
potential  of  the  shell  on  the  pole.  Now  the  lines  of  force  from  a 
pole  may  be  regarded  as  proportional  in  Damber  ta  the  strength 
of  the  pole,  and  from  a  single  pole  tbe;  would  radiate  out  In  all 
directions  equally.  Therefore,  it  a  magnot-polo  was  placed  at  P, 
at  the  apex  of  the  solid-angle  of  a  cone,  the  number  of  lines  of 
force  which  would  paEisthroagh  the  solid-angle  would  be  propoJh 
tlonal  to  that  solid-angle.  It  is  therefore  convenient  to  regard 
muas  representingtbenumiierof  lines  of  force  of  the  pole  which 
pass  through  the  shell,  and  we  may  call  the  nnmber  so  inter- 
cepted S.  Hence  the  potential  of  «  magnnl-^oh  on  a  mag- 
Tietic  xhell  U  egjioJ  to  the  strength  of  the  shell  multiplied  by  the 
namber  0/  lines  0/  force  {due  (0  the  magyiel-pfile)  which  pass 
Ihrour/li  the  shell;  or  V-Hi.  It  either  the  shell  or  the  pole 
were  moved  to  a  point  where  a  different  number  of  lines  of  force 
were  cut,  theo  the  difiersace  of  potential  would  be 

To  bring  np  a  N-seeking  (or  +)  pole  against  the  repelling 
force  of  the  N-seoking  face  o(  a  magnetic  shell  re^uirea  a  posi- 
tive amount  of  work  to  be  dnne;  and  their  mutual  reaction 
would  enable  work  to  be  done  afterwards  by  virtue  of  their 
position :  in  this  case  then  the  potential  is  +.  But  in  moving  a 
N-aeeking  pole  up  to  the  S-soeking  (ace  of  a  Shell  work  will  be 
done  by  the  pole,  for  it  is  attracted  up ;  and  as  work  done  61/ 
the  pole  may  be  regarded  as  otir  doing  negative  work,  the 
poteotial  bere  will  have  a  nei^tive  value- 
Again,  suppose  we  could  bring  np  n  unit  N-neeklng  pole 
against  the  repidsiiin  of  the  N-seeking  face  of  a  shell  of  strength 
1,  and  should  push  it  right  up  to  the  sboll  ;  when  it  actually 
reached  the  plane  of  the  shell  the  shell  would  occupy  a  whole 


liorizoCjCir  half  the  whole  Bjiace  arniinii  the  pola,  thP8olid-au(;io* 
It  militondeU  being  thoretore  2w.  and  the  pulential  will  be  -f  L>iti". 
If  wo  hnii  beKUn  at  the  S-aeekiiig  lare  the  potential  at  that  lauo 
woalci  be  — 2iri.  It  appears  then  that  the  potentiiil  ultert  it* 
value  by  4ii  on  pivainu/rOM  one  side  of  the  shell  tii  the  other. 

There  la  a  cuactlon  betwoflti  pule  and  shell  similar  (<>  that 
(Art.  121)  between  pule  and  puie. 

I(  a  N-ae«king  pole  be  brought  np  to  the  N-seeking  face  of  a 
shell  none  of  the  lines  of  force  of  the  magnet  will  cut  the  shell, 
but  will  be  repelled  out  as  In  Fig.  72 ;  whereas  it  a  N-seeking  polo 
be  brongbt  np  to  tbe  S-seeklng  face  of  n  shell,  large  nnmbers  of 
the  lines  will  be  rim  Into  one  another;  and  the  pole,  as  a  matter 
of  fact,  will  be  attracted  up  to  the  shell,  where  as  mauy  lines  of 
force  as  possible  aro  cut  by  the  ghcll.  We  raay  formulato  this 
action  by  saylDK  that  a  magnetic  shell  and  a  magnet^mte  react 
on  one  another  and  urge  one  another  in  such  a  direction  as 
to  make  the  number  of  lines  of  force  that  are  cut  by  the  thetl  a 
maximum  (Maxwell's  Rule.  Art.  204).  Outside  the  attiaoCiag 
face  of  the  shell  the  piitentlat  U  — ~t,  and  tbe  pole  moves  so  as  to 
make  this  negative  quantity  as  great  as  possible,  or  to  make  the 
potential  a  mioiniuin.  Which  is  bnt  another  way  of  putting  tbe 
matter  as  a  particular  case  of  the  geueral  propnaltlon  thnt  bodies 
tend  to  move  so  that  the  energy  they  possess  in  virtue  of  their 
position  tends  to  run  down  to  a  minimum. 

350,  Magnetic  Potential  due  to  Current.  — The  proposi- 
tions concerning  magnetic  shells  given  In  the  preceding  para- 
graphs derive  their  great  importance  becanse  of  the  fact  laid 
down  In  Art.  30!)  that  circuits,  traversed  by  currents  of  electri- 
city, behuve  like  tnagtietic  shells,  Adoptloj;  the  electromagnetic 
unit  of  cnrrent  (Art.  353),  we  may  at  once  ten  back  to  Art.  347, 
and  take  the  theorems  about  magnetic  shells  as  being  also  true 
of  closed  vultAic  circuita. 

(u)  Potential  due  to  closed  circuit  (compare  Art.  348). 

The  puteiiHal  Y  due  to  a  cloaed  viiltaia  cireuit  (traversed  by 
a  current)  at  a  point  P  near  it,  is  equal  to  the  strennth  rif  the 
curttnt  matliplied  by  the  solid-ani/le  w  subtended  by  the  cireuit 
at  that  point.  If  C  be  tlie  strength  of  the  curreut  in  electro- 
magnetic units,  then 

(b)  At  a  polut  Q,  where  the  solid-angle  subtended  h;  the 
circuit  is  u^  instead  of  up,  the  potential  will  have  a  different 
value,  the  difference  of  potential  being 

V^-V,,  =  -0(,.y-.,p). 


1  of  ace) 


t,  1+J  aod  Ajiponrti.  4. 


MUTUAL   POTENTIAL 


(c)  Uuhiol  Potential  of  a  Hagnet-pole  and  a  Circuit.  — IF 
a  magoet^pale  ot  streiigtb  m  were  brought  up  Co  P,  m  timea  as 
much  wdck  will  be  dune  as  if  tlie  magnet-polo  tiRil  been  of  unit 
strength,  and  the  wurk  would  he  just  as  great  whether  the  pole 


Bat,  as  in  Art.  349,  we  may  regard  M"  as  rejiroaenttng  the 
number  of  lines  of  force  of  the  pole  which  are  iiitercoptod  by 
and  pass  through  the  circuit,  and  we  may  write  H  fur  that  num- 
ber, and  say 

or  the  mutual  potential  of  a.  raagnst^oli  dad  a  ciratit  it  equal 
to  the  strength  of  the  etirrent  taultiplieii  by  the  number  of  the 
magtiet-pole's  lines  of  force  that  are  intercepted  by  the  eti-cuit, 
taken  with  reversed  sign. 

{d)  As  in  the  case  of  the  magnetic  shell,  bo  with  the  circnit, 
the  value  ot  the  potential  changes  by  4  iC  from  a  point  on  one 
side  uf  the  circuit  to  a  point  just  on  the  other  side ;  that  is  to 
say,  being  —  2irC  on  one  side  and  +S11C  on  (he  other  side  work 
equal  to  4  irC  mnnt  be  done  )□  carrying  a  unll^pole  from  one  side 
to  the  other  round  the  outside  of  the  circuit.  The  work  done  in 
thus  threading  the  circuit  along  a  path  looped  8  times  round  it 
would  be  4  irSC, 

361.  (e)  Bntual  Potential  of  two  Circuits.  — Two  closed 
circuits  will  have  a  mutual  potontial,  depending  on  the  strengths 
of  their  reapective  currents,  on  their  distance  apart,  and  on  their 
form  and  position.  If  their  currents  he  njapectively  C  and  C, 
and  it  the  distance  between  two  elomenta  da  and  dg'  ot  the  cir- 
cuits be  Called  r,  and  t  the  angle  betneen  the  elements,  it  can  bo 
shown  that  their  matyal  potential  is  =  —  CC'  i  1  -^^  di  ds'. 
This  expression  reprosents  the  work  that  wonld  have  to  be  done 
t«  bring  lip  either  ot  tha  circuits  from  an  infinite  distance  to  Its 
present  position  near  the  other,  and  is  a  negative  rtuantity  if  they 
attract  one  another.  Now,  suppose  the  strength  of  current  In 
e  unity;  their  mutual  potential  will  In  that 
duds',  a  quantity  which  depends  purely  upon 
the  geometrical  form  and  position  ot  the  circnita,  and  for  which 
we  may  substituta  the  single  symbol  M,  which  we  will  call  the 
"  cuefflcient  uf  muiiuil  poieniial " :  we  may  now  write  the  mutual 
potential  ot  the  two  circuits  when  the  currents  are  C  and  C  as 
=  -CCM. 


-11" 
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Bat  we  linve  seen  Id  the  cose  of  n  single  circuit  that  we  may 
repriueDt  the  pntential  between  r  circuit  and  a  uuit-pole  as  the 
prodnct  of  the  strength  of  the  uurrent  —  C  into  the  nam  her  N  ot 
ths  magnet-pole's  lines  of  force  iat(ircept«db;  the  circuit.  Henoe 
the  aymhiil  M  must  represent  the  number  of  each  other's  lines  of 
force  mutunlly  intercepted  by  both  circuits,  if  each  carried  unit 
cnrreot.  If  we  call  the  two  circuits  A.  and  B,  then,  when  each 
carries  unit  current,  A  Intercepts  M  linuH  of  force  belonging  to 
B,  and  B  intercepts  M  lines  of  force  beluoging  to  A. 

No«  suppose  both  currents  to  run  in  the  same  (clock-wlBe) 
dlrectloD;  the  front  or  S-aeehing  face  of  one  circuit  will  ba 
opposite  to  the  back  or  N-Heekluf;  face  of  the  other  circuit,  and 
they  will  attract  one  another,  and  will  actually  do  work  as  they 
approach  one  another,  or  (as  tliu  negative  sign  shows)  negative 
work  will  be  done  in  bringing  up  one  to  the  other.  When 
they  have  attracted  one  another  up  as  mucli  as  possible  tile  uir- 
cuitH  will  coincide  in  direction  and  position  as  Dearlf  bb  can  ever 
be.  Their  potential  energy  will  have  run  down  to  Its  lowest 
minimum,  their  mutual  potential  being  a  negative  maiimnm, 
and  their  coettlcient  of  mutual  potential  M,  having  Its  greatest 
possible  value.  Tipo  cimuils,  then,  are  urged  m  that  their 
coeffideM  i^  mutual  poleiiiial  M  ahalt  have  the  greatest  potaible 
valm.  This  juBtlfles  Maxwell's  Rule  (Art.  204),  because  M 
represents  the  number  of  lines  of  force  matually  Intercepted 
by  both  circuits.  And  since  in  tills  position  each  circuit  inducet 
as  many  lines  of  magnetic  force  as  possible  through  the  other, 
the  coeJi(Henl  of  mutual  potential  M  is  also  called  the  coejA- 
cieiit  of  mutual  induration  (Art.  454). 

Lbsson  XXVII.  — JVie  Ekclnmmijnelk  System  of  Units 
3G2.  Hagnetic  Unita.  — All  magnetic  quantities,  strength 
of  pules,  intensity  of  magnetization,  etc.,  are  ecpressed  in  terms 
of  special  units  derived  from  the  fundamental  units  of  laiyth, 
mic^s,  aiid  time,  explained  in  the  Note  on  Fundamentid  and 
Derived  Units  (Art,  280).  Most  of  the  following  units  have 
been  directly  explained  in  the  preceding  Lesson,  or  in  Lesson 
XI, ;  tbe  others  follow  from  them. 

Unit  M'ignet-pole,  —  The  unit  magnetic  pole  is  one  of  sntdi 
a  strength,  that  when  placed  at  a  distance  of  1  centi- 
metre (In  air)  from  a  sinillar  pole  of  equal  strength, 
lepeU  it  with  a  force  of  1  dyne  (Art.  141). 
J/iiC/netic  PotenWo;.  —  Magoetic  potential  hoiiig  moasnred 
by  lOorl:  done  in  moving  a  unit  magnetic  jwle  against  the 


ELECTHOMAGNETIC   UNITS 


magnetic  foroos,  the  unit  of  magnetic  potential  will  be 
measured  by  the  unit  of  work  done  on  nnlt-pole. 
Unit  Difference  ttf  Magnetic  foiential.  — Unit  difference  of 
magnetic  pat«ntlal  exlHta  between  tno  points  when  It 
reqolrea  tliE  expetidituto  of  one  erg  ol  woik  lo  bring  a 
(N-seel(iDg)  unit  magnetic  pole  from  one  point  to  the 
other  against  the  magoetic  forces.  Magnetonwlive-force, 
or  magnetiiing  power,  is  nieaBured  in  same  nnila  aB 
differeucG  of  magnetio  potential. 
JntertBiiy  of  Magnetic  Field  is  nieasnred  by  the  force  it 

exerts  npon  a  unit  magnetic  pole;  hence, 
Uml  Intensity  of  Field  is  that  intensity  of  field  which  acts 
□n  a  nnit  (N-seeking)  pule  with  a  force  of  1  dyne,    The 
name  of  gaam  baa  been  propnsei]  fur  this  unit.    A  Held 
having  an  intensity  of  GflOO  lines  per  square  centimeire 
would  be  described  as  (i  kilugaunseii. 
Magnetic  Flux,  or  total  induction  of  magnetic  linea,  is 
eqnal  to  intensity  of  field  multiplied  by  area.      Its  unit 
will  he  one  magnetic  line. 
Magne'ie  Beluctattce  (aee  Art.  37(1)  la  the  ratio  nf  inagneto- 
motiTe-force  to  magnetic  flui.     Unit  reluctance  will  be 
Buuh  that  nnit  roagnetomotlve-torce  generates  in  it  a 
f\ax  of  one  line. 
353,  ElectromagnetiG   Units.  ^  The   preceding   magnetic 
units  give  rise  to  the  following  set  of  electrical  units,  in  wliich 
the  strength  of  currents,  eti'.,  are  expressed  in  magiiBlie  measure, 
Tbey  are  sometimeB  called  "  absolute  C,G,S."  units.  The  relation 
ol  Uils  "  elBctromagnetic  "  set  of  antts  to  the  "  electrostatic" 
set  or  units  of  Art.  283  is  explained  in  Art.  ^I). 

PiiitSireiiffWio/CHrrent,— Acurrent  has  unit  atronglb  when 
one  centimetro  length  of  its  circuit  bent  into  an  are  of 
one  centimetre  mdins  (so  aatobe  always  one  centimetro 
away  from  the  magnet-pole)  exerta  a  force  of  one  dyne 
on  a  luiit  magiiet-pole  placed  at  the  centre  (Art.  207). 
Unit  of  Difference  of  Potential  (or  of  Eleelromatioe-furce). 
—  Fotenllal  Is  work  done  on  a  unit  of  electricity;  hence 
unit  difference  of  potential  exists  between  two  polnls 
when  it  requires  the  expenditure  of  ouo  erg  of  work  to 
bring  a  unit  of  +  electricity  from  one  point  to  the  other 
against  the  electric  force.  Also,  unit  electromotive-force 
is  generated  by  cutting  one  magnetic  line  per  second. 
Unit  of  Rfaintiiiice.  —  A  conductor  possesses  ui  ' 

when  unit  dl  flerence  of  potential  between  its  ends  c 
a  current  of  unit  strength  to  flow  through  it. 
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Unil  of  QiinnlilT/  of  Electricity  ia  that  q^uantlty  which  la 

cunvRjed  by  unit  cucrent  In  one  second. 
Unit  itf  Capacity.  —  Unit  capHnity  requires  unit  qutntlty  to 

charge  it  to  unit  potential. 
Unit  of  Induction.  ^XJnit    inductlnn   is  such  that  unit 

eleetromntive-furce  Is  Induced  liy  the  vaiiutioo  uf  the 

curreat  at  the  rate  nf  one  anit  of  uurreut  per  socond. 

3&4.  Practical  Dnits  and  Standaida.*— ^voral  ot  the 
above  "  Hhaolute  "  units  in  tlie  C.G.S.  system  would  be  incoa- 
vuniently  largo  and  others  iiLcouvetiiiiutly  small  for  practical 
use.    The  fuUu wing  are  therefore  chosen  as  practical  uaiU:  — 

ResutaiiFe.  —  The  Olm,  =^  IQB  ahsoluta  units  of  resistance 
(and  theoretically  the  resistance  represented  by  the 
velocity  nfonoearth-quadrant  per  second,  sea  Art.  BBT), 
bnt  actually  represauted  by  the  resistance  of  a  uniform 
column  of  mercury  106-3  centimetres  long  and  14'4621 
grammes  in  mass,  at  0°C.  Such  a  colaninof  mercaryis 
repraiented  by  a  "standard  "  ohm  (see  Appendii  B). 

Current.  — 'r\ie  Ampere  (formerly  palled  the  "weher"), 
=  10-'  absaluto  units;  practlrally  represented  by  the 
current  which  daposita  silver  at  the  rate  of  O'OOUIS 
fP'anime  per  second  [see  Appendix  B). 

£tec(r(imn(ife-/n™e.— The  Volt,  =  10*  absolute  units,  is  that 
E.M.F.  which  applied  lo  1  ohm  will  produce  in  it  a 
current  of  1  ampere  ;  lieing  t!!I  of  the  E.U.F.  of  a 
Clark  standard  cell  at  IG'  C.     (See  Appendix  C.J 

OuonHlp.  — ThoCoDlomb,  =  lO-'absolute  units  ofquantity; 
being  the  quantity  of  eleotriuity  conveyed  by  1  nmpere 
in  one  second. 

Capadtv-  —  The  Farad,  =  10-"  (or  one  one-thousand- 
millionth)  uf  ahaointa  unit  of  capacity ;  being  the  capa- 
city nf  a  coudeusar  such  as  to  b«  chauged  to  n  pnloiitial 
of  1  volt  by  1  coulomb.  TliB  micro/arail  or  miliiouth 
part  of  1  farad  =  lU-''  ahsotute  unila. 

Work.  —  Thejoulo,  =  W  absoliilo  units  of  work  (ergs),  is 
represented  by  energy  expended  in  one  second  by  1 
ampere  iu  1  ohm. 

Foieer.  —  The  Watt,  =  10  absolnta  units  of  power  (orgs  per 
second),  is  power  of  a  current  of  1  ampere  lioivlng 


under  a  proaauro  ol  1  volt.    It  is  eiiual  to  1  Jonle  par 
second,  and  ia  approiimately  i)(  of  one  horao-power. 

Jnc/uc(ion.  — The  Homy,  =  10*  nbBOlutB  units  of  IndoctioD. 
is  tlie  indnutiiiu  in  a  circait  wlien  tbe  eleutrcunntive- 
force  induced  In  this  ciruuit  is  1  vult,  wliiie  llie  Induc- 
ing cnrreol  varies  ab  the  rata  o(  1  ampere  per  sei'ond. 

Seeing,  howuver,  that  quantities  a  million  tioieii  aa  great  aa 
■ome  of  these,  and  n  milliou  times  aa  small  as  s'ime,  have  tu  he 
measnrod  by  eluutricians,  the  prefixes  mega-  and  micro-  are 
soTnetimes  iiscil  tt>  sIpiKy  respeotively  "  one  million  "  and  "  nuts 
millioiitli  part."  Thus  a  megohm  is  a  resistance  of  one  million 
obms,  a  miiT<i/araii  a  capacity  of  igghm  of  a  farad,  et«.  The 
pretix  Idlo-  is  used  tor  "one  thousand,"  and  mllll-  far  "one- 
thousandth  part";  thus  a  kiioviatt  is  lOOO  watts,  and  milli' 
ampere  is  the  thoiisatidth  part  of  1  ampere. 

The  "practical"  system  may  be  regarded  as  a  system  of 
nnits  derived  not  from  the  fundainental  units  of  ceiiHiaetre, 
gramme,  and  second,  but  from  a  system  in  which,  while  tbe 
imitof  tjme  remains  the  second,  the  anitaof  length  and  mass 
are  respei'tively  tbe  earth-quadrant  and  lO-'i  gramme. 

355.  Use  of  Index  Notation.  —  Seeing  that  electricians  have 
to  deal  with  quantities  requiring  in  some  cases  very  large  nnm- 
bers,  and  in  other  cases  very  small  numbers,  to  express  them,  a 
system  of  iiitjez  tiotation  is  adopted,  in  order  to  obviate  the  use 
of  lung  rows  of  ciphers.  In  this  system  the  significant  figures 
only  of  a  qoantity  are  put  down,  the  ciphers  at  the  end,  or  (in 
the  case  of  a  long  decimal)  at  the  beginnlne,  being  indicated  by 
an  index  written  above.  Accordiugly,  we  may  write  a  thou- 
sand (=  10  y  10  X  10)  as  10»,  and  the  quantity  42,000  may  be 
written  42  X  10<.  The  British  National  Debt  of  £TTO,ODO,000 
may  be  written  £77  x  10'.  Fractional  quantities  will  have 
negative  indices  when  written  as  eiponenla.  Thus  ri.  (=  0-01) 
=  1  ^  10  -;- 10  =  10-".  And  so  the  decimal  0-00028  yd]}  be 
writton28x  iO-o  (being  =  28  X  .00001).  Theconvenionceuf  this 
method  will  be  seeo  by  an  example  or  two  on  electricity.  The 
electrostatic  capacity  of  the  earth  is  630.000,000  times  tliat  of  a 
sphere  of  one  centimetre  radius.  =  03  x  lOi'  (electrostatic)  uiiits. 
The  rcslstauco  of  selenlnm  is  about  40,000,000,000,  or  1  x  W' 
tiroes  aa  groat  as  that  of  copper;  that  of  air  is  about  10",  or 

100,000,000,000,000,000,000,000,000 
tiroes  as  ^reat.    The  velocity  of  light  Is  about  ,SO,OO!),oaa,O0a 
centimetres  per  sucund,  or  ,1  X  lOl". 

366,  Dimensions  of  Uagnetic  and  Electromagnetic  Units. 
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—  Tfio  fuiiiJHinantAl  idea  of  "  dlmanaions  "  Is  explained  In  Art. 
384.  A  little  uoiiBlderaliun  will  eiiikble  tho  studeut  to  dednce  loi 
hiniaelt  the  fnllowiug  tnble :  — 
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367.  BBBlstance  expresaed  as  a  Velocity.  —  It  will  be  seen, 
on  reterenne  to  the  ftbnve  table  of  '■  Lllmcnaloiis  "  of  eleptrmnaB- 
netlc  unitB,  that  the  dlmenalong  of  restataace  are  given  bb  LT-i, 
wMcb  ure  the  same  dlmeiiHlODS  (aee  Art.  3)H)  as  thoae  ot  a  velo- 
city. Every  resistance  is  capable  of  being  eipreased  as  a  velocity. 
The  following  coniilderBtionB  tnay  aHsiat  the  ntudent  Id  focming 
a  phyaioal  conception  of  tbia.  Suppose  we  have  a  circuit  eom- 
poaed  of  two  Uori«outal  ralla  (Fig.  1T6),  C3  and  DT,  1  centim. 
ajmrt,  jiiiiiBd  at  CD,  and  complatBd  by  means  ot  a  sliding  piece 
AB.  Let  this  variable  circuit  be  placed  in  a  uniform  magnetie 
Held  of  unit  intensity,  the  linea  of  force  being  directed  vertically 
dowriwardH  through  the  circuit.  It,  now,  tlutHlider  be  moved  along 
towards  ST  with  a  velocity  of  ncentimeCres  per  BecDDd.tbeiiumbst 
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otaddlcional  lines  oF  force  etnbraced  by  the  circuit  wilUaccease  at 
the  rate  n  per  secuud ;  or,  iiiother  words,  there  will  baan  iniluced 
electromotiTe-force  [Art.  225)  impressed  upon  the  circuit,  which 
will  cause  a,  curreut  to  flow  through  the  slider  from  A  to  B.  Let 
the  rails  have  ao  restatiiace.  theo  the  sCreiigtIi  of  the  current  will 


depend 


AB.    Now  let  AB  jr 


most  more  with  a  propuitioDatel}  greater  velocity ;  the  velocity 
at  which  it  must  move  to  keep  up  a  corieDtof  unit  stieugth  beiag 
nomerically  equal  to  its  reaiatauce.  TTie  resistance  knov>n  aa 
"  one  ohrn  "  ia  intended  to  be  10*  aheolTite  eiectroniaBTietie  anils, 
and  ifteryore  i!  represented  by  a  velvelty  of  UP  centimetres,  or 
ten  million  metres  (one  earth-qnadrant)  per  aewnd. 

3S8.  Evaluation  of  the  Ohm.  —  The  system  of  "practical" 
ooits  was  origiually  devised  by  a  committee  o(  the  British  Asso- 
ciation, who  also  determined  the  value  of  the  "  ohm  "  by  experi- 
ment in  ISBH.  and  constructed  staudard  resistance  colls  of 
german-sllver,  called  "  B.A.  Uuita  "  or  "  ohms." 

There  are  several  ways  of  measuring  the  absolnte  value  of  the 
rasiatauceot  a  wire.  One  method  (Joule's)  is  to  measure  the  heat 
produced  in  It  by  a  known  current  and  calculate  Its  resistance  by 
Joule's  law  (Art.  127).  Another  method  (Weber's)  is  to  measure 
in  absol  ale  .units  the  current  that  is  sent  through  the  wire  by  an 
eleetromotive-f  orce  which  is  also  measured  in  some  absolute  way. 
The  ratio  of  the  latter  to  the  former  gives  the  value  of  theresist- 
aDce.  Weber's  method  involved  spinning  a  coil  in  a  magnetic 
field  which  would  generate  alternate  currents.  Kohlrausch  used 
an  induction  coil  to  generate  the  E.M.F.  Lorenz  proposed  a, 
method  in  which  a  disk  was  spun.  Foster  a  lero  method  In  which 
the  E.M.F.  in  Ibe  spinning  coil  was  balanced.  Lord  Kelvin  pro- 
posed to  the  Britisli  Association  Committee  a  modiScation  of 
Weber's  method  as  follows.  It  being  Impracticable  to  give  to 
a  horizontal  allding-piece  so  high  a  volocity  as  Mas  necessitated, 
the  veloi.'ity  which  corresponded  to  the  resistance  of  a  wire  was 
measured  In  the  following  way : — a  ring  of  wire  (of  mauy  turns), 
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I  about  a  vertical  aiib,  as  in  Fig.  177,  was  made  to  rotate 
ipidly  and  luiifarttilj'.  Such  a  Hng  In  rotating  cuts  the  lines 
ao[  the  earth's  muguBtiain.  The  northern  half  ol  the  ring, 
lug  from  west  toward  east,  will  have  (see  Rule,  Art.  236}  bd 
icurrentiniiacBdluit,  while  the  southern  half,  in  crossing 
aat  toward  west,  will  hnveadownward  current  induced  in 
!Dce  the  rotating  ring  will,  as  it  spins,  act  as  its  own  galva- 
ir  if  a  small  magnet  be  hung  at  its  middle ;  the  magnetic 
lue  to  the  rotating  coil  being  proponinoal  directly  to  the 
iital  compunent  of  tbo  eitrth's  magnetlsni,  to  the  velocity  of 
)n,  and  to  the  number 


ot  ti 


S  of  M 


eeoil, 


Fl(r.  m. 


and  inversely  proportional  to 
the  resistance  of  the  wire  ot 
thecolls.  Hence, all tbe otber 
data  being  known,  tbe  resist- 
auce  can  be  calculated  and 
measured  us  a  veloeitj/.  The 
earliest  ohms  oi  B.A.  uniti 
ware  t'onstructed  by  compar- 
ison with  this  rotating  coll; 
but  there  being  some  doubt 
as  to  whether  the  B.A.  unit 
really  represented  lO*  csn- 
tims.  per  aecond,  a  redeter- 
miiiatiiin  of  the  ohm  was 
suggested  in  ISBO  by  the  Bcitisb  Association  Committee.  At  the 
firat  International  Congressof  Electricians  in  Paris  1H81 ,  the  pro- 
ject for  a  redalermi nation  of  tlie  ohm  was  endorsed,  and  It  was 
also  agreed  Cbat  tbe  practical  standards  shoold  do  longer  be  con- 
structed in  German  silver  wire,  but  that  they  should  bo  made 
upon  the  plan  originally  suggested  by  Siemens,  by  deiining  the 
practicai  ohm  as  tbe  resistance  of  a  column  of  pure  mercury  ot  a 
certain  length,  and  of  one  millimetre  of  ccoas-settion.  The  orig- 
inal "  Slemena'  unit "  was  a  column  ot  mercury  one  metre  in 
litngth,  and  one  square  millimetre  in  sectioo,  and  was  rathet  less 
than  an  ohm  (0'1W40  B.A.  unit).  Acting  on  measurements  mads 
by  leading  physicists  of  Europe,  tbe  Paris  Congress  ol  1884  de- 
elded  that  the  mercury  column  representing  the  "legal"  obm 
shonid  be  106  centimelres  in  length.  This  was,  however,  never 
legalized  in  this  country  or  in  America,  as  it  was  known  to  be 
incorrect.  Lord  Raylelgh's  determination  gave  IDII'21  centt- 
metres  of  mercury,  iis  representing  Ihe  true  theoretical  ohm  {= 
1(P  absolute  units) ;  and  Rowland's  detarminations  at  Baltimore 


I 
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cameallghtly  higher.  TheBrltlah  Association  Committee  in  isnz 
agr^<ed  to  lengthen  it  to  lOG-3  centims.,  and  to  define  by  mass 
instead  of  settiun,  Thix  wusdeuided  finally  as  tlie  iniernalioHUl 
ohm  by  the  Congress  oC  Chicago  In  1H93.  These  inlernational 
units  are  now  legalized  in  England  and  the  United  States.  The 
bulletin  issned  b;  the  U.  8.  Buperintendeot  □{  Standard  Weights 
and  Measnree,  and  endorsed  by  the  Secrotaiy  of  the  U.  S,  Trao^. 
Dry,  is  given  in  abstract  in  Appendix  B. 

The  old  B.A.  aait  in  only  0-»e(>3  of  the  true  ohm ;  the  Bie. 
mens'  nnit  is  only  OSUOS. 

360.  Ratio  of  the  ElectioBtEitic  to  the  ElectromBgnetlG 
Units.  —  It  the  student  will  compare  the  Table  of  Dimensions  o( 
Electrostatic  Units  of  Art.  283  with  that  of  the  Dimensions  of 
Electromagnetic  Units  of  Art.  3.56,  he  will  observe  that  the  dimen- 
sions assigned  to  Kimilar  nnits  are  difCerent  in  the  two  systems. 
Thus,  the  dimensions  of  "  Quantity  "  in  elect roitalic  measoce 
are  M*  L*  T"',  and  in  eledromagnetic  measure  they  are  Stf  l'- 
Dividing  the  former  by  the  latterwe  get  LT"^-  a  quantity  which 
weat  oncesaeisofthenatnreof  (iiie/Dci(y.  This  velocity  occurs 
in  every  case  in  the  ratio  of  the  electrostatic  to  the  electromag- 
netic measure  of  every  unit.  It  is  a  definite  concrete  velocity, 
and  represents  that  velocity  at  wliicli  two  electrified  particles 
moat  travel  along  side  by  side  in  order  that  their  mutual  electro- 
magnetic attraction  (conslderfldaaequivalent  in  so  moving  (Art. 
397)  to  two  parallel  currents)  shall  just  ecioal  their  mutual  elec- 
trostatic repulsion  (see  Art.  9>D}.  This  velocity,  "  v,"  which  is 
of  enormous  importance  tn  the  eleclroiaagiietie  theory  of  tight 
(Art.  51(1),  has  been  measured  in  sevenil  ways. 
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I X 101"  uoDtims.  per  second. 
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(!j)  Lord  Kelvin  compared  tha  two  u 


and  later,         =  H-ia       X   101". 
(_c)  PrufeasDF  Clerk  Maxwell  bnlauced  a  force  of  electrostatic 
attractlun  agninat  one  of  elect romugnetlu  repulsion,  and  [oaud 
o       =2-88        X  101". 
(d)  Prdfessora  Ayrton  and  Perry  measured  the  capacity  of  a 
cntidenser  electro luaipiHtlcally  iy  discharging  it  Into  a  halliatic 
galviiiinraeter,  nnd  alectrMtaticallybycalculations  from  ita  size, 
and  fuund 


oording  to  iateat  Tallies  is  — 
thir/y  Ihovsaiid  milHon  ceaHmeiret 


The  eelocUu  af  Hi/hl  a 

lo  wo  take  »  as  3  x  10'",  o 

360.  Rationaliiation  of  DiraeoBion*  of  Units.  —  It  Besma  ab- 
surd that  there  ahonid  be  two  difTureiit  units  of  electricity;  still 
more  absurd  that  one  Unit  should  be  thirty  tboDsand  million  eeiiti- 
meties  |)er  second  greater  tbiin  the  other.  It  abio  seetmi  absurd 
tliiic  the  ilbiieusioDs  of  a  unit  of  electricity  shoatd  liave  fractional 
l>oivpr»,  since  siicli  quantitleB  as  M*  and  L'  are  meaningless. 
Thude  irr^Ltioiial  things  arise  from  the  neglect  to  take  account  of 
the  properties  of  the  medium  in  applying  the  law  of  inverse 
squares  to  form  detiuitions  of  tlio  unit  of  etuctriclty  in  the 
electrostatic  system,  and  of  the  uuit-pole  in  the  magnetic  system. 
If  we  were  to  Insert  the  dielectric  constant  k  in  the  former,  and  the 
permeability  i*  in  tbe  latter,  we  might,  if  we  knew  the  dimensions 
of  these  quantities,  be  able  to  rationalize  the  dimensional  forma- 
Iffi.  Batwedo  not  know  their  dimensions.  BSckerhaa,  however, 
shown  that  tbey  can  be  rationalized,  and  tbe  two  seta  of  anlts 
brought  into  agreement,*  by  assuming  that  the  product  kit  bos 
the  dimensions  of  the  reciprocal  o[  the  square  of  a  velocity:  or 
I'  =  I/i/l.i.  It  t  were  the  reciprocal  of  the  rigidity  ot  the  ether, 
andf  Its  density,  r  would  represent  the  velocity  of  propagation  of 
waves  in  it.  Compare  Art.  BIB  on  electromagnetic  theory  of  light. 
—  sei.  Earth's  Magnetic  Poidb  in  Absolute  Units.  — In  mak- 
ing absolute  determinations  of  current  by  the  tangent  galv»- 
nometer,  orotelectcomotive-forre  by  the  spinning  coil,  it  is  need- 
ful to  know  the  abaoiute  value  of  the  earth's  magnetic  field,  ot 
of  its  horizontal  component.  The  Intensity  of  the  earth's  mag- 
netic fon^e  at  any  plate  is  the  force  with  which  a  magnet-pole  of 
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unit  Btrenijpth  is  attracted.  As  explained  in  Art.  las,  it  Is  usual 
to  meaaure  the  horiKODtal  compouenc  H  oE  this  force,  and  from 
this  and  Che  cosine  of  the  angle  ol  dip  to  calculate  the  total 
force,  as  the  direct  detennination  of  the  latter  is  surrounded  with 
difficnltlBa.  To  deterraina  H  in  abaolitte  (or  C.G.SO  uiiiCs,  it  is 
necessary  to  make  two  observations  with  a  magnet  of  magnetic 
moment  M  (Art.  13S).  In  one  ol  these  observations  the  product 
MH  Is  determined  by  a  uielliod  o/  oscillationi  {Art.  133)  |  in  the 
second  the  quotient  ^  is  determined  by  a  particular  method  of 


defiexioii  {Art.  i:!8) 

by  dividing  the  fom 

(i.)  Detertninat 


where  K  is  the  ' '  n 
mnla  is,  however, 
By  simple  algebra 


The  square  root  of  the  quantity  obtained 
ar  by  the  latter  will,  of  course,  give  H. 
m  of   MH.  — The    time   T  iif  a  compleW 


^'\mh' 


H  magnet.    This  for- 


U^K 


Of  these  quantities  T  is  ascertained  by  a  direct  observation 
of  the  time  of  oscillation  of  the  magnet  hung  by  a  torsioulesa 
fibre;  and  K  can  be  either  determined  eitperimen tally  or  hy 
one  of  the  following  formnlis :  — 

For  a  round  bar  K  =  lu  f  -^'.  +  "-V 


For  a 


ictangular  bar    K  = 


/l^  +  bA, 


where  vi  i.s  the  mass  of  the  bar  in  graiumes, 
radius  (If  round),  b  its  breadth,  measured  hoi 
langular). 

{ii.)  Deterniinalion  o/^.  — The  maanet  i 


::aused  to 


deflect  a  small  magnetic  needle  in  the  following  m 
side  on."  The  magnet  is  laid  horizontally  at  rlglit  angles  to  the 
magnetic  meridian,  and  so  that  Its  middle  point  la  (magnetically) 
due  south  or  due  north  of  the  small  needle,  and  at  a  distance  r 
from  Its  centre.  Lying  thus  broadside  to  the  small  needle  its 
N  pole  will  regiel,  and  its  S  pole  attract,  the  N  pole  of  the  needle, 
and  will  eieri'ise  contrary  actions  on  tlie  S  pale  of  the  needle. 
The  total  action  of  the  magnet  upon  the  needle  will  he  to  deflect 
the  latter  through  an  angle  e,  whose  tangeut  is  directly  propur- 
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o  ihe  L'uAe  uf  the  dis- 


tional  to  — ,  and  ioTeraely  proportional  ii 

TMvidiDg  the  tormer  equation  b;  this,  and  taking  the  sqnsre 


i  yiX\' III.  — Pro/icrdca  of  Iron  and  Sleel 


362.  Magnetiiatlon  of  Iron.  —  When  a  piece  of  mag- 
netiKalile  metal  ig  ]>laced  in  a  magnetic  field,  some  of  the 
lines  of  magnetic  force  run  tlirough  it  and  magnetize  it. 
The  intensity  of  its  magnetization  will  depend  upon  the 
intensity  of  the  field  into  which  it  ia  put  and  upon  the 
metal  itself.  There  are  two  ways  of  looking  at  the  matter, 
each  of  which  has  its  advantages.  We  may  thiiik  ahout 
the  internal  condition  of  the  piece  of  metal,  and  of  the 
number  of  magnetic  lines  that  are  running  through  it 
and  emerging  from  it  into  the  surrounding  space.  This 
is  the  modern  way.  Or  we  may  think  of  the  magnetism 
of  the  iron  or  other  metal  as  something  resident  on  the 
polar  surfaces,  and  expressed  therefore  in  nnita  of  mag- 
netism. Tliis  is  the  old  way.  The  fact  that  soft  iron 
placed  ill  the  mi^netic  field  becomes  highly  iiLagiietic  may 
then  he  expresaed  in  the  following  two  ways:  (1)  when 
iron  is  placed  in  the  magnetic  field,  the  magnulic  line.irun 
in  greater  quantities  through  the  apace  now  occujiied  by 
iron,  for  iron  is  very  permeable  to  the  lines  of  magnetic 
indttction,  being  a  good  conductor  of  the  magnetic  lines; 
(2)  iron  when  placed  in  the  magnetic  field  develops 
strong  poles  on  its  eod-aurfaces,  being  highly  nuKeptAle 
to  magnetization.  Each  of  these  ideas  may  be  rendered 
exact  by  the  introduction  of  appropriate  coefficients. 

363.  Permeability.  —  The  precise  notion  now  at- 
tAched  to  this  word  is  that  of  a  numerical  coefiicient. 
Suppose  a  magnetic  force — due,  let  us  say,  to  the  circula- 
tion of  an  electric  current  in  a  suri'ounding  cuil  —  were  to 
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act  on  a  space  occupied  by  air,  there  would  result  a,  certain 
number  of  magnetic  liuea  in  that  space.  In  fact,  the 
intensity  of  the  magnetic  force,  symbolized  by  the  letter 
H,  ia  often  expressed  by  aaying  that  it  would  produce  H 
magnetic  lines  par  square  centimetre  in  air.  Now,  owing 
to  the  superior  magnetic  power  of  iron,  if  the  space 
subjected  to  this  nia)>;iietio  force  were  filled  with  iron 
instead  of  air,  there  would  be  produced  a  larger  number 
of  magnetic  lines  per  square  centimetre.  This  larger 
number  of  magnetic  Hnes  in  the  iron  eipresses  the 
degree  of  magnetization  •  in  the  iron ;  it  is  symbolized 
by  the  letter  B.  The  ratio  of  B  to  H  expresses  the 
permeahilily  of  the  materia!.  The  usual  symbol  for  per- 
meability is  the  Greek  letter  ^  So  we  may  say  that  B 
is  equal  to  ia  times  H,  or 

;.  =  B/H. 

For  example,  a  certain  specimen  of  iron,  when  sub- 
jected to  a  magnetic  force  capable  of  creating,  in  air,  50 
magnetic  lines  to  the  square  centimetre,  was  found  to  be 
permeated  by  uo  fewer  than  18,082  magnetic  lines  per 
square  centimetre.  Dividing  the  latter  figure  by  the 
former  gives,  as  the  value  of  the  permeability  at  this 
stage  of  the  magnetization  321,  or  the  permeability  of 
the  iron  is  321  times  that  of  air. 

The  permeability  is  always  positive  :  for  empty  space 
it  is  1,  for  air  it  ia  practically  1 ;  for  magnetic  mnterials 
it  is  greater  than  1,  for  diamagnetio  materials  it  is  slightly 
less  than  1.     In  air,  etc.,  B  =  H. 

Where  the  magnetic  lines  emerge  into  the  air  at  a 
polar  surface  they  are  of  course  continuous  with  the 
internal  lines :  the  vahie  of  B  just  inside  the  polar  sur- 
face is  the  same  as  that  of  B  in  the  air  just  outside  it. 

The  permeability  of  such  non-magnetic  materials  as 

•  The  JUIunl  nambcr  of  mngnetio  lines  tbiit  rqn  Oiraogb  unit  mi  et 
cmii-iectiDD  In  tbs  Iron  or  oilier  mBUcisl  —  donoMd  by  Ihs  lymbol  B— 1> 
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silk,  cottou,  anil  other  insulators,  also  of  lii-aas,  copper, 
and  all  the  uon-iDagiietic  metals,  is  taken  at  1,  beiug 
practically  the  same  as  that  of  the  air. 

This  mode  of  expressing  the  facts  is,  liowever,  com- 
plicated by  the  fact  of  the  teudeiicy  iu  all  kinds  of  iron 
to  magnetic  saturation.  la  all  kinds  of  iron  the  mag- 
uetizability  of  the  material  becomes  diminished  as  the 
actual  magnetization  is  puahed  further.  Iu  other  woi'ds, 
when  a  piece  of  iron  has  been  magnetized  up  to  a  certain 
degree,  it  becomes,  from  that  degree  onward,  less  perme- 
able to  further  magnetization,  and  though  actual  satui-a- 
tiun  is  never  reached,  there  is  a  practical  limit  beyond 
which  it  cannot  well  be  pushed.  Joule  discovered  this 
tendency  to  a  limit.  The  practical  limit  of  B  in  good 
wrought  iron  is  about  20,000  lines  per  square  centimetre, 
or  in  cast  iron  about  13,000.  Using  e][traordinai7  mag- 
netizing forces,  Ewing  has  found  it  possible  to  increase 
B  to  45,000,  and  Du  Bois  has  reaciied  60,000  lines  per 
square  centimetre.  Manganese  steel  is  curiously  non- 
magnetic ■  llopkinnon  found  310  aa 
364  Curves  of  Hagnetizat  on  - 
of  stud)  ng  the  uagnet  facts  espe  t  ng  any  particular 
brand  of  ou  is  to  plot  on  a 
d  agra  u  the  curve  of  mag- 
net zat  on  —  i.e.  the  curve  in 
wh  ch  the  values,  plotted 
horizontally,  represent  the 
mag  et  c  force  H,  and  the 
alue;  plotted  vertically  those 
that  cor  respond  to  the  respec- 
tivemagnetizatiunB.  InFig. 
173,  which  is  modified  from 
the  researches  of  Ewing,  are  given  five  curves  relating 
to  soft  iron,  hardened  iron,  annealed  steel,  hard-drawn 
st«el,  and  glass-hard  st«el.  It  will  be  noticed  that  all 
these  cui'ves  have  the  same  general  form,  and  that  there 
are  three  stages.     (1)  For  small  values  of  E  the  values  of 
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B  are  small,  and  as  H  is  increased  B  increases  gradually. 
(2)  The  curve  rises  very  suddenly,  at  least  with  all  the 
softer  sorts  of  iron.  (3)  The  curve  then  bends  over  and 
becomes  nearly  horizontal,  B  increasing  very  slowly. 
When  the  magnetization  is  in  the  stage  below  the  bend 
of  the  curve,  the  iron  is  said  to  be  far  from  the  state  of 
saturation.  But  when  the  magnetization  has  been  pushed 
beyond  the  bend  of  the  curve  into  the  third  stage,  the 
iron  is  said  to  be  approaching  saturation,  because  at  this 
stage  of  magnetization  it  requires  a  large  increase  in  the 
magnetizing  force  to  produce  even  a  very  small  increase 
in  the  magnetization.  It  will  be  noted  that  for  soft 
wrought  iron  the  stage  of  approaching  saturation  sets  in 
when  B  has  attained  the  value  of  about  16,000,  or  when 
H  has  been  raised  to  about  50.  The  student  is  strongly 
advised  to  plot  for  himself  similar  curves  from  the  sub- 
joined table,  which  relates  to  the  permeabilities  of  some 
samples  of  iron  examined  by  Ilopkinson. 


Annealed  Wrought  Iron. 

Grey  Cast  Iron. 

B 

A* 

H 

B 

f* 

H 

5,000 
9,000 
10,000 
11,000 
12,000 
13,000 
14,000 
15,000 
16,000 
17,000 
18,000 
19,000 
20,000 

3000 

2250 

2000 

1692 

1412 

1083 

823 

526 

320 

161 

90 

54 

30 

1-66 
4 
5 

6-5 
8-5 
12 
17 
28-5 
50 
105 
200 
350 

4,000 
5,000 
6,000 
7,000 
8,000 
9,000 
10,000 
11,000 

800 

500 

279 

133 

100 

71 

53 

37 

5 

10 

21-6 

42 

80 
127 
188 
292 

It  will  be  noted  that  at  early  stages  of  the  magnetiza- 
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tion,  in  moderntely  weak  fields  where  H  is  leas  tbaa 
about  5,  the  permeability  haa  enormous  values.  But 
for  values  of  H  less  than  about  0'5  the  permeability  is 
quite  small,  usually  about  300. 

The  three  stages  observed  in  the  m^uetization  are 
explained  in  Ewing'a  molecular  theory  (Art.  127). 

II  imti  is  coiDpreBsed  its  permeability  decreases ;  if 
Bulijijcted  to  teusile  alresa  it  is  increased,  provided  the 
liehl  in  tiot  too  intense.  VUlari  found  that  beyond  a  cer- 
t^iiii  Ltiti;ii.sity  tension  diminishes  the  permeability. 

365.  Susceptibility.  —  Suppose  a  magnet  to  have 
i;i  uiutH  uf  magnetism  on  each  pole;  then  if  the  length 
between  its  poles  is  I,  the  product  ml  is  called  its  maffttetic 
moment,  and  the  magnetic  moment  divided  hy  its  volume 
is  caUed  its  intensity  of  magnetization ;  this  term  being 
intended,  though  baaed  on  surface-unit  of  pole  strength, 
to  convey  an  idea  as  to  the  internal  mimetic  steta. 
Seeing  that  volume  is  the  product  of  sectional  area  into 
length,  it  follows  that  if  any  piece  of  iron  or  steel  of 
uniform  section  had  its  surface  magnetism  situated  on  its 
vwtXa  only,  its  intensity  of  magnetization  would  be  equal 
to  llie  strength  of  pole  divided  by  the  area  of  end-aurfaoe. 
Writing  I  fur  the  intensity  of  magnetization  we  should 
have 

,  ...  njUB.  m»ineljt_wX  ;_m 


Now,  supposing  this  intensity  uf  magnetization  were 
due  to  the  hon  haviug  been  put  into  a  magnetic  field  of 
intensity  H,  the  ratio  between  the  reauiting  intensity  of 
magnetization  I  and  the  magnetizing  force  H  producing 
it  is  expressihle  by  a  numerical  coefficient  of  magnetiza- 
tion, or  susceptibilUy,  l:    We  may  write 


zI/H. 


This   may  be  looked  at  as  saying  that  for  every 
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magnetic  line  in  the  Held  there  will  be  k  units  of 
magnetism  on  the  end-surface.  In  magnetic  substanoeB 
such  aa  iron,  steel,  nickel,  etc.,  the  susceptibility  k  has 
positive  values ;  but  there  are  niauy  subatancea  such  aa 
bismuth,  copper,  mercury,  etc.,  which  poHsesa  feeble 
negative  coefficients.  These  tatter  are  termed  "  dlamag- 
netic  "  bodies  (Art.  369)  and  are  apparently  repeUed  by 
tlie  poles  of  magnets.  It  was  shown  at  end  of  Art.  338 
that  there  are  iir  magnetic  lines  proceeding  from  each 
unit  of  pole  magnetism.  Hence  if,  as  shown  above,  each 
tine  of  force  of  the  m^^ietlzing  field  produces  k  units  of 
magnetism  there  will  be  ^ttjI:  lines  added  by  the  iron  to 
eacli  1  line  in  tlie  held,  or  the  permeability  of  the  iroa 
H  is  equal  to  1  +  iirk.  It  follows  tliat  B  =  H  +  hrklL 
This  shows  tiiat  B  may  go  on  increasing  as  long  aa  H 
is  increased,  having  no  true  limit.  But  since  k  decreaaes 
as  saturation  sets  in,  the  surface  magnetization  I  (orB  —  H 
to  which  it  is  proportional)  niay  have  a  true  limit.  This 
masimum  of  B  -  H  appears  to  he  about  21,380  in 
wrought  iron,  I;),580  in  cast  iron,  and  aliau  in  nickel. 

In  the  following  table  are  given  aomu  figures  from 
the  researches  of  Bidwell  on  wrought  iron. 


H 

t- 

■ 

« 

B 

3-0 

1510 

587 

18991 

7390 

10- a 

»1)I 

»1» 

1121-4 

ncfio 

40- 

30-7 

3»i-4 

1B4C0 

IIB' 

1370 

150-7 

17330 

208- 

7'0 

lin-i 

88-8 

18470 

437- 

1504 

45-.-! 

10330 

S85- 

a-fi 

ir.30 

33-J 

10820 

Everett  has  calculated  (from  Gauss's  observations) 
that  the  intensity  of  magnetization  of  the  earth  is  only 
0-07W),  or  only  ^7*511  of  what  it  would  tie  if  the  globe 
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werfi  wholly  iron.  In  weak  magnetic  fields  the  suBcep- 
tibility  of  nickel  exceeds  by  about  five  times  that  of  irou ; 
but  in  strong  fields  iron  is  more  susceptible, 

366.  Ueaaotetnent  of  Penneability.  —  There  are 
eeyeral  ways  of  measiiriiig  the  permeability  of  iron  :  they 
all  involve  a  meitsurement  of  B. 

(a)  Magnetometer  Methods.  —  The  pole  strength  of  long 
bars,  when  magnetized  by  a  coil  around  them,  can  be 
measured  by  a  mi^netometer  (Art.  138),  and  from  this 
H  is  found  by  multiplying  by  4x. 

(ft)  IniiiKlion  Melhodn.  —  Rings  of  iron  which,  haying 
no  poles,  cannot  be  measured  by  tlie  magnetometer  are 
measured  inductively.  Upon  the  ring  ia  wound  a  mag- 
netizing coil,  and  also  an  exploring  coil  (Art.  232)  which 
is  connected  to  a  halliatic  galvanometer.  On  turning  ou 
or  off  the  inagneti7.iiig  current,  or  reversing  it,  induced 
currents  are  generated,  giving  a  throw  in  the  galva^ 
nonieter  proportional  to  the  number  of  magnetic  lines 
which  have  been  made  or  destroyed.  Iron  rods  can  be 
examined  by  the  same  means. 

(c)  Traction  Methods.  —  The  pull  needed  to  separate 
the  two  halves  of  a  divided  rod,  or  divided  ring,  is  (Art. 
384)  proportional  to  the  square  of  B.  Bidwell  and  others 
have  used  this  for  meaauring  permeability. 

(rf)  Optical  Methods.  —  Du  Bois  has  used  a  method 
based  on  Kerr's  discovery  (Art.  527)  of  mi^eto-optic 
rotation. 

367.  Hesidual  Effects.  —  The  retention  of  mag- 
iietisni  by  steel,  lodcstorje,  hard  iron,  and  even  by  soft 
iron  if  of  elongated  shape,  has  been  already  described 
(Art.  QS).  Soma  other  residual  effects  must  now  be 
noted.  It  is  found  that  if  a  new  piece  of  iron  or  steel  is 
subjected  to^an  increasing  magnetizing  force,  and  then  the 
magnetizing  force  is  decreased  to  zero,  some  magnetism 
remains.  If  the  results  are  plotted  out  in  a  curve  it 
exhibits  the  following  peculiarities.  On  first  gradually 
increasing  H  from  o,  B  rises  as  we  have  seen  in  Art.  364. 
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(Fig.  17!l)  H  is  now 
does  not  follow  the 
owing  to  the  retention  of  the  magne- 
tiam.  When  H  has  been  reduced  to  zero  the  point  b  ia 
reached.  This  the  residual  value 
o£  B  ia  called  the  remanence,  and 
depends  on  the  material,  and  on 
the  degree  to  which  B  waa  pre- 
viously   pushed. 

versed  niagnetiziag  force  — H  is 
now  applied  it  is  found  that  it  . 
muat  be  iucrea^d  to  a  definite 
degree  in  order  to  demagnetize 
i  bring  the  curve  down 
to  e.  The  amount  of  reversed 
magnetic    force    so    needed    is    a 

1  of  the  retentisity  of  the  pi^,  j.,^ 

material,   and    is    known    as    the 

<e  farce.  In  hard  fiteel  it  may  amount  to  100 ;  in 
soft  steel  to  20  ;  in  soft  iron  to  2  or  leas.  If  the  reversed 
magnetizing  force  is  further  increased,  the  curve  descends 
from  e  to  tf ,  the  iron  becoming  magnetized  with  reversed 
polarity,  and  going  toward  saturation.  On  then  dimin- 
ishing the  reversed  force  to  zero,  the  curve  turns  to  e, 
showing  a  negative  remanence.  On  again  increasing  H 
as  at  first  the  curve  ascends  to  f,  and  as  the  former  value 
of  H  is  reached  comes  up  to  a  again. 

368.  Cycles  of  Magnetization.  Hyatereais.  ~  When 
E  is  thus  carried  through  a  cycle  of  increase  and 
decreaee,  B  also  goes  through  a  cycle;  and  as  we  have 
seen  there  is  a  lagging  in  the  magnetiuktiou,  evidenced  in 
Fig.  1T9  by  the  formation  of  a  closed  loop  in  the  curve. 
Warburg  and  Ewing,  who  have  fully  investigated  the 
phenonienon,  have  remarked  that  the  area  enclosed 
indicates  the  waste  of  energy  in  the  cycle  of  operations. 
In  hard  steel  the  areas  of  these  loops  are  much  wider 
than  in  the  case  of  soft  iron.    Ewing  has  given  the  name 
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of  HysteruM  to  the  subject  of  the  lag  of  magnetic  effects 
behind  their  causes.  From  his  researches*  also  ia  taken 
the  case  of  Fig.  180,  a  specimeii  of  soft  iron,  the  curve 
for  which  shows  various  loops.     Ewing  has  devised  a 


for  recording  the 


automatically.  The 
waste  of  energy  per  cubic 
ceutimetre  in  a  cfcle  of 
strong  magnetization  may 
vary  from  OOCH)  ergs  iu 
annealed  iron  to  200,000 
in  glass-hard  steel.  If  (as 
ill  the  iron  cores  of  alter- 
nate curi'eiit  traiisfonners) 
the  cycle  is  repeated  100 
times  a.  second  the  waste 
of  power  by  hysteresis  may 
heat  the  iron;  and  it  in- 
creases greatly  with  the 
frequency  and  with  the 
degree  to  which  the  mag- 
netization is  pushed.  If  B 
does  not  exceed  5000,  the 
power  wasted  at  100  cycles 
per  second  in  every  cubic 
" """  ■  foot  of  iron  may  be  as  low 

aa  575  watts,  but  if  B  is  increased  to  10,000  the  waste 

becomes  1510  watts. 

Siuce  a  smaller  reversed  force  sufHces  to  destroy  mi^- 

nettzation  than  was  required  to   produce  it,  all   that  is 

necessary  in  order  to  completely  demagnetize  iron  is  to 

subject  it  to  a  series  of  cycles  of  dimiuisliing  intensity. 
Mechanical  agitation  tends  to  help  the  magnetizing 

forces   to   act,   and  lessens  all   residual   and   hysteresial 

eflects. 

Ewing  has  also  shown  that  under  constant  magnetizing 

•  Thi^  ntndoDt  ibould  nut  lUl  U  uiniiilt  Birlns's  bo«k,  Xagnitia  Tn- 
ductim  in  Iron. 
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force  the  in^netiBm  will  go  on  slowly  and  slightly  in- 
cxeaslng  for  a  long  titne  :  thia  is  called  magnetic  creep- 
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369.  Diamagnetic  Experiments.—  lu  1778  Brugnians 
I  of  Leydeii  oliaerved  that  when  a  lump  of  bismuth  waa 
[  iield  near  eitlier  pole  of  a  magnet  ueedle  it  repelled 
In  1827  I-e  Bailhf  and  Becquerel  observed  that  the 
I  inetal  antimony  also  could  repel  and  be  repelled  by  the 
■  pole  of  a  magnet.  In  1S15  Faraday,  using  powerful 
[  electromagnets,  examined  the  magnetic  properties  of  a 
I  large  number  of  subatances,  and  found  that  whilst  a 
I  great  many  are,  Uke  iron,  attracted  to  a  magnet,  others 
I  are  feebly  repelled.  To  diatinguish  between  these  two 
BCH  of  bodies,  he  termed  those  which  are  attracted 
,  parunagoetic,*  and  those  which  are  repelled  dlanugnotlc. 
I  The  property  of  being  thus  apparently  repelled  from  a 
I   mi^net  he  termed  dlamagnetUm. 

Faraday's  method  of  experiment  coiisislcd  in  snH))eiid- 
ing  a  small  bar  of  the  substance  in 
a  powerful  magnetic  field  between 
,  the  two  poles  of  an  electromagnet, 
I  and  observing  whether  the  small 
was  attracted  into  an  axial 
position,  as  in  Fig.  181,  with  its 
length  along  the  line  joijiijig  the 
two  poles,  or  whether  it  was  re- 
pelled into  au  equatorial  pot^ition, 
at  right  angles  to  the  line  joining 
the  poles,  across  the  lines  of  force  ^^i''  "'^^ 

of  the  field,  as  is  shown  by  the  position  of  the  small  bar 
ill  Fig.  183,  suspended  between  the  poles  of  aii  electro- 
magnet constructed  on  Buhmkorff's  pattern, 

•  Or  Btaply  "nagnetJo."    arane  nollioriltoa  ubo  tho  turm   "  (ferro- 
migDetls." 


r\ 
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370.   Kesults.  —  The  following  iu 

stances  examined  l>j  the  method :  — 


l-An*lIlli»tTlC. 

Dl*««G7.tT.", 

Iron 

Bismuth 

Nickel 

Phosphorus 

Cobalt 

Antimony 

Tliailinra 

Chromium 

Zinc 

Ceriiim 

Mercury 

Titanium 

Lead 

Platlumu* 

SUver 

Mao;  ores  and  salts 

Copper 

coiit&luiag  the 

Gold 

above  metals 

Water 

Oiygeii  Kiw 

Alcohol 

Oiyeaii  liquid 

ToUnrium 

Ozoiie 

Sulphur 
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Liquids  wei'e  placed  in  glass  vessels  and  suapeuded 
between  the  poles  of  the  electromagnet.  Aluioat  aJl 
liquids  are  diaru  ague  tic,  except  aolutiona  of  salts  of  the 
maguetic  metals,  some  of  which  are  feebly  magnetic;  but 
blood  is  diamagnetic  though  it  contains  iron.  To  examine 
gases  bubbles  are  blovm  with  tbein,  and  watched  as  to 
whether  they  were  drawn  into  or  pushed  out  of  the  field. 
Oxygen  gas  was  found  to  be  magnetic ;  ozone  has  been 
found  to  be  still  more  strongly  so.  Dewar  has  found 
liquid  oxygen  Guiliciently  niagaetic  to  rush  in  drops  to  tiie 
poles  of  a  powerful  magnet. 

The  diamagnetic  properties  of  substances  may  be 
numerically  expressed  in  terms  of  their  penaeability  or 
their  susceiitibili'!/  (Arts.  393  and  365).  For  diamagnetic 
bodies  the  permeability  is  ]««  than  unity.  For  bismuth 
the  value  of  ^  is  0'99Q969.  The  repulsion  of  bismuth  is 
iinineaaely  feebler  than  the  attiaction  of  iron.  Pliicker 
estimated  the  relative  magnetic  powers  of  equal  weights 
of  substances  an  follows :  — 


Iron                            + 
Lodeatone  Ore         + 
Ferric  Snlphata       + 
Ferrose  Sulphate     + 

1,000,000 

403,270 

1.110 

780 

Blauiath                  - 

23'( 

371.  Apparent  Diamagnetism  due  to  Burrouoding 
Hedinm.  —  It  is  found  tliat  feebly  magnetic  bodies  be- 
have as  if  they  were  diamagnetic  when  suspended  in  a 
more  highly  magnetic  fluid.  A  small  glass  tube  filled 
with  a  weak  solution  of  ferric  chloride,  when  suspended 
in  air  between  the  poles  of  an  electromagnet,  points 
axially,  or  is  pa  [-am  agnatic ;  but  if  it  be  surrounded  by 
a  stronger  (and  therefore  more  magnetic)  solution  of 
the  same  substance,  it  points  equatorially,  and  is  appar- 
ently i-epe!led  like  diamagnetic  bodies.  All  tliat  the 
equatorial  pointing  of  a  body  proves  then  is,  that  it  is  less 
magnetic  than  the  medium  that  fills  the  surrooudiiig  space. 
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A  balloon,  though  it  poasesses  ni&ss  and  weight,  ri 
through  the  air  in  obedience  to  the  law  of  gravity,  because 
the  medium  surrounding  it  ia  more  attracted  than  it  is. 
But  it  is  found  that  diamagnctic  repulsion  takes  place  even 
in  a.  vacuum :  hence  it  would  appear  that  the  ether  of 
space  itself  is  more  magnetic  than  the  aubstauces  claEised 
as  dia magnetic. 

373,  Diamagnctic  Polarity.  ^  At  one  time  Faraday 
thought  that  diamaguetic  repulsion  could  he  explained 
on  the  supposition  that  there  existed  a  "  diamagnetic 
polarity  "  the  reverse  of  the  ordinary  magnetic  polarity. 
According  to  this  view,  which,  however,  Faraday  himself 
quite  abandoned,  a  magnet,  when  its  N  pole  is  presented 
to  the  end  of  a  bar  of  bismuth,  induces  in  that  end  a 
N  pole  (the  reverse  of  what  it  would  induce  in  a  bar  of 
iron  or  other  magnetic  metal),  and  therefore  repels  it. 
Weber  adopted  this  view,  and  Tyndall  warmly  advocated 
it,  especially  after  discovering  that  the  repelling  diamag- 
netic force  varies  as  the  si/unra  of  the  magnetic  power 
employed.  It  has  even  been  suggested  that  when  a 
diamagnetic  bar  lies  equatorially  across  a  field  of  force,  its 
east  and  west  poles  possess  different  properties.  The  ex- 
periments named  above  suggest,  however,  an  explanation 
less  difficult  to  reconcile  with  the  facts.  It  has  been 
pointed  out  (Art.  38-^)  that  the  degree  to  which  mag- 
netizatiou  goes  on  in  a  medium  depends  upon  the  magnetic 
permeability  of  that  medium.  Now,  permeability  ex- 
presses the  number  of  magnetic  lines  induced  in  the 
medium  for  every  Hue  of  magnetizing  force  applied.  A 
certain  magnetizing  force  applied  to  a  space  containing  air 
or  vacuum  would  induce  a  certain  number  of  magnetic 
lines  through  it.  If  the  space  considered  were  occupied 
by  a  paramagnetic  substance  it  would  concentrata  the 
m^netic  lines  into  itself,  as  the  sphere  does  in  Fig.  183. 
But  it  the  sphere  were  of  a  jwrmeability  leas  than  1,  the 
m^netic  lines  would  tend  I'ather  to  pass  through  the  air, 
as  ia  Fig.  1S4.    If  the  space  considered  were  occupied  by 
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bismuth,  the  same  magnetising  forca  woiiM  imluce  ii 
bianiiith  fewtr  magnetic  liii&'i  t" 
those  lines  which  were  induced 
would  still  run  in  the  same 
general  direction  as  in  tiip 
'  I  lAe  opposite 
(/irecd'on,  aa  Weber  and  Tynilall 
maintained.  The  result  i>f 
'  there  being  a  less  induction 
through      diamagnetio      auh-  Ftg.  18S. 

tances  can  be  shown  to  be  that  such  suljstances  will 
urged  from  places  where  the  magnetic  force  is  strong 
to  places  where  it  is  weaker. 
This  is  why  a  ball  of  bismuth 
moves  away  from  a  magnet, 
and  why  a  little  bar  of  bismuth 
between  the  conical  poles  of 
the  electrom^net  (Fig.  182} 
"         ~  turua  equatorially  so  aa  to  put 

Fig.  I9t.  ita  ends  hito  the  regions  that 

are  magnetically  weaker.  There  is  no  reason  to  doubt 
that  in  a  magnetic  field  of  uniform  strength  a  bar  of 
bismuth  would  point  along  the  lines  of  induction. 

373.  Magne-CtyataUio  Action.  — In  1822  Poisson pre. 

dieted  Chat  a  body  ]iossessing  crystalline  structure  would, 

if   magnetic   at  all,  have   different  magnetic   powers   in 

different  directions.     In  lSi7  Pliicker  discovered  that  a 

piece  of  tourmaline,  which  is  itself  feebly  paramagnetic, 

behaved  as  a  diamagnetic  body  when  so  hung  that  the 

axis  of  the  crystal  was  horizontal.     Faraday,  repeating 

'   the  experiment  with  a  crystal  of  bismuth,  found  that  it 

'   tended  to  point  with  ita  axis  of  crystallization  along  the 

lines  of  the  field  axially.    The  magnetic  force  acting  thus 

upon   crystals   by  virtue   of  their   possessing   a   certain 

structure  he  named   ningne-crytlallie  force.     Pliicker  en- 

I   deavoui'ed  to  connect  the  magne-crystallic  behaviour  of 

I   erystalB  with  their  optical  behaviour,  giving  the  following 
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Uw :  there  will  be  either  repulsion  or  attravtiou  uf  the 
optic  axis  (ur,  in  the  case  of  bi-axial  cryHtabt,  of  both  optic 
axes)  by  the  poles  of  a  maguet;  and  if  the  crystal  is  a 
"  negative  "  one  (i.e.  optically  negative,  having  an  exti'a- 
ordinary  index  ol  refraction  fens  than  ito  ordinary  index) 
there  will  be  repulsion,  if  a  "  positive  "  one  there  will  be 
attractiou.  Tyndall  has  eudeavoured  to  show  that  this 
law  is  insufficient  in  not  taking  into  account  the  para- 
magnetic or  diuinagnetic  powers  of  the  substance  as  a 
whole.  He  finds  that  the  magne-cryBtallic  axis  of  bodies 
is  in  general  an  itris  i>/  greatest  ilenml;/,  awl  that  if  the 
mats  itself  lie  parimmtjiietii:  this  axil  will  point  axially ;  if 
diamagnetic,  etimUoriaili).  In  bodies  .which,  like  slate  aud 
many  crystala,  possess  cleavage,  the  planes  of  cleavage 
are  usually  at  right  angles  to  the  mague-arystallio  axis. 
Another  way  of  stating  the  facts  is  to  say  that  in  uon- 
isotropic  bodies  the  induced  loaguetic  lines  do  tiot  nec- 
essarily run  in  the  same  direction  as  the  lines  of  the 
impressed  magnetic  field. 

374.  Dlamagnetism  of  Flames.  — lu  1S47  Bancalari 
discovered  that  flames  are  repelled  from  the  axial  line 
joining  the  poles  of  an  electromagnet.  Faraday  showed 
that  all  kinds  of  flames,  ils  well  as  ascendi[ig  streams  of 
hot  air  aud  of  smoke,  are  acted  on  by  the  magnet,  and 
tend  to  move  from  places  where  the  magnetic  forces  are 
strong  to  those  where  they  are  weaker.  Gases  (except 
oxygeu  and  ozone),  and  hot  gases  especially,  are  feebly 
diamagnetic-  But  the  active  repulsion  and  turning  aside 
of  flames  may  possibly  he  in  part  due  to  an  electromag- 
netic action  like  that  which  the  magnet  exercises  on  the 
couvexion-curreut  of  the  voltaic  arc  (Art.  448)  and  on 
other  convexion-curreuta.  The  electric  properties  of 
flame  are  mentioned  in  Arts.  8  aud  314. 
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Lebsun  XXX. —  The  Mngnelic  Ciiri 

376.  Magnetic  Circuits.  —  It  is  dow  generally  recog- 
nized tbat  there  is  a,  niagnelic  circuit  luw  similar  to  the 
law  of  Obni  for  electric  circuits.  Ritciiie,  Sturgeon, 
Joule,  aud  Faraday  dimly  recognized  it.  But  the  law 
was  firat  put  into  shape  in  1873  by  Rowland,  who  calcu- 
lated the  flow  of  magnetic  1i)>es  through  a  har  by  dividing 
the  "  magnetizing  farce  of  the  helix  "  by  the  "  resistauce 
to  liaes  of  force  "  of  the  iron.  In  1833  Bosaiiquet  intro- 
duced the  term  magnelnmulive-foree,  and  showed  how  to 
calculate  the  rduclancex  of  the  separate  pa.'ts  of  the  mo- 
netae circuit,  and,  by  adding  them,  to  obtain  the  totai 
Tfiuclance.* 

The  law  of  the  magnetic  circuit  may  be  stated  M 
follows :  — 

Magnetic  Flui  .  '"^"'°"°""^'"'°'. 


376.  Reluctance.  —  As  the  electric  resistance  of  a 
prismatic  conductor  can  be  calculated  from  its  length, 
croBS-«ction,  and  conductivity,  so  the  magnetic  reluctance 
of  a  bar  of  iron  can  be  calculated  from  its  length,  crosa- 
section,  and  permeability.  The  principal  difference  be- 
tween the  two  cases  lies  in  the  circumstance  that  whilst 
in  the  electric  com  the  conductivity  is  the  same  for  small 
and  large  currents,  in  the  magnetic  case  the  permeability 
is  not  constant,  but  is  less  for  large  magnetic  fluxes  ttian 
for  small  ones. 

Let  the  length  of  the  bar  be  I  centitns.,  its  section  A 
sq.  cms.,  and  its  permeability  ju.     Then  its  reluctance 

•  Thl«iiM*il  Itrm,  Dir  praterahle  to  "inagnetlu  ri'Blntaniw,"  wulalro- 
dawd  by  Oliver  HssvinWe.  The  tann  refuolfriiji  li>  sooicllanu  ueod  ftir 
thaipedaorelucUnoi);  It  le  Uierndprucal  of  pcrtiieiiblltl)'. 
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,vill  lip  pioiifiitioiial  (iirectly  to  I,  s 
1.     Calling  the  reluctance  Z  we  hi 


iron  linr  100  cm.  Inng  and  4  sq.  cms.  in 
13  maeuQtized  to  Bucb  a,  degree  tliitt  ^  =  320 : 
than  •£  will  be  0'0T8. 

The  reluctance  of  a  inagiietic  circuit  is  generally  niaxle 
up  of  a  number  of  reluctti.ncea  in  series.     We  will  finit 


take  the 


of  a  closed  magnetic  circuit  (Fig.  185)  made 

of   length  /,,  section  A,,  and 

permeability    ^ ;    and    an    armature    of 


length  /„, 
In  thia 


,  and  permeability  ^ 
with  the  ends  of  the  former. 
I  tlie  reluctance  is 


Aj,, 


0 

^'*^  377    Calculation  of  Exciting  Power  — 

■    "^  Pas3lll^  on   to  thb  more    Jifficult  ca.se  of 

a  circuit  made  up  partly  of  iron  and  partly  of  air  we 
will  suppose  the  armature  to  he  moved  to  a  distaneei 
80  that  theie  are  two  airgapa  in  the  eircuit  each  gap 
of  length  /j  {from  lion  to  iron)  and  sec 
tioii  A,  (equal  to  aien  of  pole  face) 
This  will  introduce  an  additional  reluc 
tanoe  ^/^/A,  the  permeability  for  air 
being  =  1  It  will  ilso  ha,ve  the  efiect  if 
making  pait  of  the  magnetic  flus  leik 
out  of  the  cucnit 

By  Art  Jil  if  the  exciting  power 
consiats  of  C  amperes  circulating  in  S 
spirals  around  the  coi  e  the  magneto- 
motive force  will  be  47rCS/10  Applying, 
this  to  the  preiPdiiiE;  e\am|Ie  dniim,  Ii 
motive  force  b\   tli     reluctmne   we  get  f  ji   the 
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^ai 


Bat  more  often  the  t^lculatioii  is  wasted  the  other 
wny  round,  to  Sod  how  many  ampere-turns  of  escita'ion 
will  be  needed  to  produce  a  given  flui  through  a  m^netic 
circuit  o£  given  sine.  Two  difficulties  arise  here.  The 
permeability  will  depend  on  the  degree  of  saturation. 
Alao  the  leakage  introduces  an  error.  To  meet  the  first 
difficulty  approximate  values  of  /i  must  be  found.  Sup- 
pose, for  eiarapie,  it  was  int-ended  to  produce  a  flux  of 
1,000,000  lines  tiirougli  an  iron  bar  having  a  section  of 
80  aq.  centims.,  then  B  will  be  12,500,  and  reference  to 
the  table  in  Art.  364  shows  that  if  the  bar  ia  of  wrought 
iron  [i,  will  be  about  1247.  To  meet  the  second  diflaculty 
we  must  estimate  (from  experience)  an  allowance  for 
leakage.  Suppose  we  find  that  of  all  the  lines  created  in 
the  U-shaped  part  only  the  fraction  1/v  gets  through 
the  annature,  then  to  force  H  lines  through  the  armature 
we  must  generate  vS  lines  in  the  U-sliaped  piece,  where 
V  is  the  coelliciene  of  allowance  for  leakage,  an  improper 
fraction  increasing  with  the  width  of  the  gaps. 

We  then  proceed  to  calculate  in  parts  as  follows  i  — 


Ampere-tarns  needed  to  drive  IT  llntis  ) 
through  iron  of  armalnre.  1 

Ampere-turns  needed  to  drive  S  Hues  | 
tliruugh  two  grips.  I 

Ampere-turns  Deeded  to  drive  rH  Hues  ) 
through  iron  of  magnet  core.  I 


V25T. 


Tbeo  adding  ap, 
Total  ampere-tur 


B  get : - 


(I=Il(:r^ 


Formulie  similar  to  this  have  been  used  by  Hopkiniion 
and  by  Kapp  iu  designing  elect romagnota  for  dynamos. 
378.  Effect  of  Air-Gap  in  Circuit.  ^  Air  luiving  no 
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e  the  presence  of  a  gup  in  the  iron  circuit  tends 
to  make  residual  magnetism  unstable,  as  though  the 
pol&r  mi^netism  on  the  end-faces  had  a.  self-demagnetiz- 
ing effect.  In  fact  it  ia  very  difficult  to  give  a  permanent 
magnetism  to  short  pieceii  of  metal.  Farther,  the  low 
permeability  of  atr  necessitates  enormons  in^netomotire- 
forces,  compared  with  those  reqnired  for  iron,  to  produce 
a  given  flus.  The  effect  is  to  shear  over  to  the  right  the 
curves  of  m^netization,  seeing  that  a  greater  H  is  needed 
to  attain  an  equal  value  of  B.  Joints  in  the  magnetic 
circuit  have  the  same  kind  of  effect. 

The  reason  why  the  pull  exerted  by  an  electromagnet 
on  its  armature  falls  off  so  very  greatly  when  the  arma- 
ture is  moved  away  to  a  short  distance  is  the  diminution 
of  the  magnetic  flux  caused  by  the  great  reluctauce  of 
the  air-giip  thus  introduced  into  the  circuit. 

379.  General  Law  of  Electromagnetic  Systems.  — 
Consiiler  an  electromagnetic  system  consisting  of  any 
numher  of  part*  —  irou  masses,  coils  carrying  currents, 
air,  masses  of  other  materials,  whether  maguetic  or 
diamagnetic  —  in  any  given  eonflguration.  Any  change 
in  the  configuration  of  the  parts  will  in  general  produce 
either  an  increase  or  a  decrease  in  the  magnetic  Has.  For 
example,  if  the  armature  of  an  electromagnet  is  allowed 
to  move  up  toward  the  poles,  or  the  needle  of  a  galvano- 
meter is  allowed  to  turn,  there  will  be  a  betterment  of 
the  magnetic  circuit,  and  the  magnetic  fliu  through  the 
coils  will  be  increased.  Magnetic  circuits  always  tend  to 
close  up  and  become  as  compact  as  possible.  On  the  con- 
trary, i£  we  pull  away  the  armature  from  an  electromag- 
net the  magnetic  reluctance  is  increaeed,  and  the  flux 
diminished;  and  this  action  is  resisted  by  the  reaction  of 
the  system.  All  these  things  may  be  summed  up  in  the 
following  general  law  i  — 

Eeery  etsclTomagnet\e  syslem  lends  xo  lo  change  the  eon- 
Jiijumlinn   nf   Us  parU   as    to    make   the   tnagnetk  fiuz   a 
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Suppose  (the  external  magnetizing  forces  remaining 
the  same)  a  motion  of  any  part  through  a  distance  dx 
results  in  a  decrease  of  flux  (/N,  then  the  force  resisting 
such  motion  will  be  proportional  to  dlX/dx. 

380.  Law  of  the  Electromagnet.  —  Before  the  law  of  the 
magnetic  circuit  was  understood  many  attempts  were  made  to 
find  algebraic  formulae  to  express  the  relation  between  the 
strength  of  current  and  the  amount  of  magnetism  produced. 
Lenz  and  Jacobi  suggested  that  the  magnetism  of  an  electro- 
magnet was  proportional  to  the  current  and  to  the  number  of 
turns  of  wire  in  the  coil  —  in  other  words,  is  proportional  to  the 
ampere-turns.    Or  in  symbols 

m  =  aCS, 

where  a  is  a  constant  depending  on  the  quantity,  quality,  and 
form  of  iron.  This  rule  is,  however,  only  true  when  the  iron 
core  is  still  far  from  being  "  saturated."  If  the  iron  is  already 
strongly  magnetized  a  current  twice  as  strong  will  not  double 
the  magnetization  in  the  iron,  as  Joule  showed  in  1847. 

Mtiller  gave  the  following  approximate  rule:  —  The  strength 
of  an  electromagnet  is  proportional  to  the  angle  whose  tangent 
is  the  strength  of  the  magnetizing  current ;  or 

m  =  A  tan  -i  C, 

where  C  is  the  magnetizing  current,  and  A  a  constant  depend- 
ing on  the  construction  of  the  particular  magnet.  If  the  student 
will  look  at  Fig.  121  and  imagine  the  divisions  of  the  horizontal 
tangent  line  OT  to  represent  strengths  of  current,  and  the 
number  of  degrees  of  arc  intercepted  by  the  oblique  lines  to 
represent  strengths  of  magnetism,  he  will  see  that  even  if  OT  be 
made  infinitely  long,  the  intercepted  angle  can  never  exceed  90°. 
Another  formula,  known  as  Frolich's,  is  — 


m=  a- 


1+6C' 

where  a  and  b  are  constants  depending  on  the  form,  quality,  and 
quantity  of  the  iron,  and  on  the  winding  of  the  coil.  The  con- 
stant b  is  the  reciprocal  of  that  number  of  amperes  which  would 
make  m  equal  to  half  possible  maximum  of  magnetism. 

The  author's  variety  of  this  formula  expresses  the  number  of 
magnetic  lines  N  proceeding  from  the  pole  of  the  electromagnet  — 
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where  Y  repreeentg  Ibe  niaximuni  Dumlwrof  magnetic  UiieHthat 
there  would  be  i[  the  magnetizing  current  were  imtefinitel;  in- 
oreaaed  and  the  iron  dure  Batarated,  and  CI'  xtandHfrir  that  number 
of  Hmperes  wbicb  would  bring  (be  magnetism  up  to  haU-satura- 
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381.  Electromagnets.  —  la  ISSO,  almost  imiaediatelj 
afU^r  Oersted's  liiacovery  of  the  action  of  the  electric  cur- 
rtiiit  oil  a  magnet  needle,  Ari^o  and  Uavy  independently 
discovered  how  to  magnetize  iron  and  steel  by  inserting 
needles  or  strips  into  spiral  coiia  of  copper  wire  around 


Fig,  IBT. 


which  ti  current  was  circulating.  The  method  is  shown 
in  the  simple  diagram  of  Fig.  187,  where  a  current  from 
a  single  cell  is  passed  through  a  spiral  coil  of  insulated 
copper  wire,  in  the  hollow  of  which  is  placed  a  strip  of 
iron  or  steel,  which  is  thereby  magnetized.  The  separate 
tuniB  of  the  coil  must  not  touch  one  another  or  the 
central  bar,  otherwise  the  current  will  take  the  shortest 
road  open  to  it  and  will  not  traverse  the  whole  of  the 
coils.     To  prevent  such  short-circuiting  by  contact  the 
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wire  of  the  coil  should  be  overspuii  wit.h  silk  or  cotton 
(in  the  Utter  cose  inBulatioa  in  improved  by  varnisliing  it 
or  by  steeping  the  cotton  coreriiig  in  melted  paraffin  wax), 
or  covered  with  a.  layer  of  guttapercha.  If  the  bar  be  of 
iron  it  will  be  a,  magnet  only  so  long  as  the  current  flows ; 
and  an  iroJi  bar  thus  surrounded  with  a.  coil  of  wire  for 
the  purpose  of  magnetizing  it  by  an  electric  current  is 
called  an  Electromagnet.  Sturgeon,  who  gave  this  name, 
applied  the  discoveries  of  Davy  and  Arago  to  the  eon- 
atriiction  of  electroinagitets  far  more  power- 
ful than  any  magnets  previously  made. 
His  first  electromagnet  was  a.  horse-shoe 
(Tig.  188)  made  of  a  rod  of  iron  about 
1  foot  long  and  \  inch  in  diameter 
coiled  with  a  single  stout  copper  wire 
of  only  18  turns.  With  the  current  from 
A  single  cell  it  lifted  d  lbs. ;  but  with  a 
more  powerful  battery  it  lifted  50  lbs.     It  ""■  '"°' 

was  first  shown  by  Henry  that  when  electromagnets  are 
required  to  work  at  the  distant  end  of  a  long  line  they 
lauat  be  wound  with  many  turns  of  fine  wire.  The 
great  usefulness  of  the  electro  mag  net  in  its  application 
to  electric  bells  and  telegiaphic  iustruiiieuta  lies  in  the 
fact  that  ils  magne!i.'m  is  under  the  control  of  Ihe  current; 
when  circuit  is  "made"  it  becomes  a  magnet,  when 
oircnit  is  "  broken  "  it  ceases  to  act  us  a  magnet.  More- 
over, it  is  capable  of  being  controlled  fi'om  a  distance,  the 
current  being  "  made  "  or  "  broken  "  at  a  distant  point  of 
the  circuit  by  a  suitable  key  or  "'switch." 

382.  Polarity  and  Circulation  of  Current.  —  By  apply- 
ing Ampfere'a  Kule  (Art.  197)  we  can  find  which  end  of 
an  electromagnet  will  be  the  N-seeking  pole ;  for,  imagin- 
ing ourselves  to  be  swiiiimiug  in  the  current  (Pig.  187), 
and  to  face  towards  the  centre  where  the  iron  bar 
is,  the  N-seeking  pole  will  be  on  the  left.  It  is  con- 
venient to  remeiiiber  this  relation  by  the  following  rules ; 
— Looking   at   the   S-aetiking  pole  of  an  electromugnel,  the 
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nts  are   eireulaling   r 
ihe  knnd.i  of  a  duck  k 


t  tht  same 

;  and,  looting 


t  electromagnet,  the  magneliang 
ound  it  in  the  opposite  cyclic 
direction  to  that  of  the  hands 
of  a  clack.  Fig.  189  ahowa 
this  graphically,  These  rules 
a  matter  whether 
the  beginning  of  the  coils  is 
at  the  end  near  the  observer, 
or  at  the  farther  end  from 
him.  I.e.  whether  the  spiral  be  a  rightrhanded  acrew,  or 
(us  in  Fig.  187)  a  lefthanded  screw.  It  wiU  be  jnst  the 
o  far  as  the  magnetizing  power  ia  concerned, 
if  the  coils  begin  at  one  end  and  run  to  the  other  aad 
back  to  where  they  began  ;  or  they 
may  begin  half-way  along  the  bar  and 
ran  to  one  end  and  then  back  to  the 
other :  the  one  important  thing  to 
know  is  which  way  the  current  flows 
round  the  bar  when  you  look  at  it 
end-on.  The  corkscrew  rule  (Art. 
19S)  leads  to  the  same  result. 

Suppose  an  iron  core  to  be  wound 
with  a  rightrhanded  coil,  and  that  a 
current  is  introduced  at  some  point, 
and  to  flow  both  ways,  it  will  produce  "°'  "" 

oppositely-directed  magnetizing  actions  in  the  two  points, 
and  there  will  be  consequent  poles  (Art.  120)  at  the  point 
of  entrance.  In  Fig.  100  an  iron  ring  with  a  right- 
handedly  wound  closed  coil  is  shown.  There  will  be  a 
double  S  pole  at  the  point  where  the  current  enters,  and 
a  double  N  pole  where  it  leaves  the  windings. 

383.  Construction  of  Electromagnets.  —  The  most 
useful  form  of  electromagnet  is  that  in  which  the  iron 
core  is  bent  into  the  form  of  a  horse-shoe,  so  that  both 
poles   may  be  applied   to  one   iron  armature.      In   this 


rORMS  OP  BLECTBOMAGHBTS 


case  it  is  usual  to  divide  the  coils  into  two  parts  wound 
on  bobbins,  as  in  Figs,  fli  and  191.  Tiie  eleL^tiomagnet 
depicted  id  Fig.  192  ia  of  a.  form  adapted  for  laboratory 
experiments,  and  lias  movable  coila  which  are  slipped  oa 
over  the  iron  cores.  The  cores  are  united  at  the  bottom 
by  a  stout  iron  joke.  Sometimes  only  one  coil  ia  wound 
on  the  yoke  part.  A  special 
form    of   electromagnet    de-  ~ 

vised  by  Euhmkorff  for  ex- 
periments on  dianiagnetisni 
is  shown  in  Fig.  182. 

Many  special  forms  ■  o£ 
electromagnet  have  been  do- 
vised  for  special  purposes. 
To  give  a  very  powerful 
attraction  at  very  short  dis- 
tances, a  short  cylindrical 
electromagnet  surrounded  by 
an  outer  iron  tube,  united  at 
the  bottom  by  iron  to  the  iro 
iron  jacket  constituting  a  return  path  for  the  magnetic 
lines.  This  forjii  is  known  as  an  imn-clad  magnet.  To 
attract  iron  across  a  wide  gap  wliich  offei's  much  reluc- 
tance, a  horse-shoe  shape  with  long  cores  should  be  chosen ; 
for  it  needs  long  cores  to  wind  on  enough  wire  to  provide 
Bufficient  exciting  power  to  drive  the  flux  across  the  gap. 
To  give  a  gentle  pull  over  a  long  range  a  solenoid  (Art. 
385),  or  long  tubular  coil,  having  a  long  movable  iron  core 
is  used.  For  giving  a  very  quick-acting  magnet  the  coils 
should  not  be  wound  all  along  the  iron,  but  only  round 
the  poles.  As  a  rule  the  iron  pai'ts,  including  the  yoke 
and  armature,  should  form  as  nearly  aa  possible  a  closed 
magnetic  circuit.  Tlie  cross-sections  of  yokes  should  be 
thicker  than  those  of  the  cores. 

•  For  descrlpUonB  of  tbeie,  uiteU  as  for  dlscuiielon  nfiill  utber InatterB 
nibUngu  tbeiubjwt,  ui^ibFOulbor'etreaUMon  ne  Sleetranutgnei  and 
EUetrlnnagaelic  Mtchanilm. 


Fig.  »t. 
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inch  when  the  wrought  iron  core  was  saturated  up  to 
19,820  magnetic  lines  to  the  square  centimetre.  The 
law  of  traction  is  that  the  pull  per  square  centimetre  is 
proportional  to  the  square  of  the  number  of  lines  per 
sqnare  centimetre  :  or  in  symbols 


P  = 


B2A 

Sir 


where  P  is  the  pull  in  dynes,  and  A  the  area  in  square 
centims.  In  the  following  table  are  given  the  values  of 
the  tractive  force  for  different  stages  of  magnetization. 


B 

Dynes 

Grammes 

Pounds 

lines  per 

per 

per 

per 

sq.  cm. 

sq.  centim. 

sq.  centim. 

sq.  inch. 

1,000 

39,790 

40-66 

-677 

2,000 

169,200 

162-3 

2-308 

3,000 

358,100 

3661 

5190 

4,000 

636,600 

648-9 

9-228 

5,000 

994,700 

1,014 

14-39 

6,000 

1,432,000 

1,460 

20-75 

7,000 

1,950,000 

1,987 

28-26 

8,000 

2,547,000 

2,596 

36-96 

9,000 

3,223,000 

3,286 

46-72 

10,000 

3,979,000 

4,056 

67-68 

12,000 

6,730,000 

6,841 

83-07 

14,000 

7,800,000 

7,950 

113-1 

16,000 

10,170,000 

10,390 

147-7 

18,000 

12,8<K),000 

13,140 

186-8 

20,000 

15,920,000 

16,230 

230-8 

It  will  be  noted  that  doubling  B  makes  the  pull  four 
times  as  great.  One  curious  consequence  of  this  law  is 
tliat  to  enlarge  its  poles  weakens  the  pull  of  an  electro- 
magnet or  magnet.  In  some  cases  —  bar  magnets  for 
example  —  their  tractive  power  is  increased  by  filing 
down  or  rounding  the  poles  so  as  to  concentrate  B. 
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385.  Solenoid.  —  Without  any  centra!  core  of  iron 
or  steel  a,  spiral  coil  of  wire  traversed  by  a  current  acts  as 
an  electromagnet  (though  not  so  powerfully  as  when  an 
iron  core  is  plaaed  in  it).  Such  a  coil  is  sometimes  termed 
a  solenoid.  A  solenoid  has  two  poles  and  a  neutral 
equatorial  region.  Anipfere  found  that  it  will  attract 
magnets  and  he  attracted  by  magnets.  It  will  attract 
another  solenoid;  it  has  a  magnetic  field  resembling 
generally  that  of  a 
bar  magnet.  If  so 
arranged  that  it  can 
turn  round  a  verti- 
cal axis,  it  will  set 
itself  in  a  North 
and  South  direction 
W^  along  the  magiietio 
meridian.  Fig.  193 
shows  a  solenoid  ar- 
an  be  suspended  to  a 


Fig.  IM. 


ranged  with  pivots,  by  which  it  e 
"table,"  like  that  shown  in  Fig.  1B8. 

With  an  iron  core  the  solenoid  becomes  far  more 
powerful.  The  effect  of  the  iron  core  is  by  ita  greater 
permeability  to  multiply  the  number  of  magnetic  lines 
as  well  as  to  concentrate  theni  at  definite  poles.  The 
student  has  been  told  (Art.  202)  that  the  lines  of  force  due 
to  a  current  flowing  in  a  wire  are  closed  curves,  approxi- 
mately circles  (Figs.  115  and  195),  round  the  wire.  If 
there  were  no  iron  core  many  of  these  little  circular  lines 
of  force  wonld  simply  remain  as  small  closed  curves 
around  their  own  wire ;  but,  since  iron  has  a  permeability 
hundreds  of  times  greater  than  air,  wherever  Hie  wire 
passes  uear  an  iron  core  the  magnetic  lines  alter  their  shape, 
and  instead  of  being  little  circles  around  the  separate 
wires,  run  through  the  iron  core  from  end  to  end,  and 
round  outside  from  one  end  of  the  coil  hack  to  the  other. 
kfew  of  tlje  iiiagiietie  Hops  do  this  when  there  ia  no  iron ; 
almost  all  of  tiieiu  do  this  when  there  is  iron,  and  when 
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[  there  ia  iron  there  are  more  liiiea  to  flow  liack."  Iletice 
[  the  electromagnet  with  its  iron  core  has  enormously 
r  stronger  poles  than  the  spiral  coils  of  the  circuit  would 
I  have  alone. 

In  Art.  342  it  was  shown  that  the  intensity  of  the 
[  maguelic  field  down  the  middle  of  a  solenoid  of  length  I, 
having  S  spirals,  carrying  C  amperes,  is — 

„  _  4jr  „  CS 


Since  the  area 
I    solenoid  (without  i 


enclosed   is  nr^,  the   flux   down  the 
m)  will  be 


I  And,  since  4jr  magnetic  lines  go  to  one  unit  of  mag- 
netism,  the  solenoid  (without  iron)  will  act  as  though 
!  it  had  as  the  magnetism  at  its  pole  — 


It  will  be  noticed  that  for  any  solenoid  of  given  length 
1  and  radiua  the  three  magnetic  quantities  H  (iutemal 
I  field),  N  (magaetic  flux),  and  m  (strength  of  poles)  are 
I  proportional  to  the  amperes  of  current  and  to  the  number 
I  of  turns  in  the  coU.  The  product  which  thus  ooines 
I  into  all  electromagnet  formulai  is  called  the  number  of 
E  ampere-lvrns. 

A  solenoid  with  a  movable  iron  plunger  is  sometimes 
[i  called  a  sucking-magnet.  The  iron  core  tends  to  move  into 
I  the  position  in  which  it  best  completes  (Art.  370)  the 
I  in^^netic  circuit.  If  the  core  is  much  longer  than  the 
p  Ooil,  the  pall  increases  aa  the  end  of  the  core  penetrates 

'  But,  in  tho  aae  ala  permanonl  ilee\  borsc-alinB  mngnot,  bringing  up 


BLBCTRICnr   AND   MAGNETISM     part  r. 


down  the  ooil,  dituuiiabing  quickly  as  the  core  emerges. 
Short  iron  cores  are  only  pulled  while  at  the  month  of 
the  coil;  the  maximum  pull  being  when  about  half  their 
length  has  entered. 

386.  The  Winding  of  Electromagnets.  — The  exact 
laws  governing  the  winding  o£  electromagnets  are  some- 
what complicated ;  but  it  is  eaay  to  give  certain  rules 
which  are  approximately  true.  Every  electromagnet 
shows  the  same  general  set  of  facts  —  that  with  small 
exciting  power  there  is  little  magnetism  produced,  with 
lai^er  exciting  power  there  is  more  magnetism,  and  that 
with  very  great  exciting  power  the  iron  becomes  prac- 
tically saturated  anc)  will  take  up  veiT,'  little  additional 
magnetism.  It  follows  at  once  that  if  the  electromagnet 
is  destined  to  be  used  at  the  end  of  a  long  line  through 
which  only  a  small  current  (perhaps  only  ^Jj  ampere) 
will  flow,  the  requisite  number  of  ampere-tnrna  to  excite 
the  magnetism  will  not  be  attained  unless  many  turns  of 
wire  are  used;  and  as  the  current  is  small  a  fine  wire 
may  be  used. 

It  may  be  noted  that  when  electromagnets  are  wound 
with  many  tnrns  of  fine  wire,  these  coils  will  add  to  the 
electric  resistance  of  the  circuit,  and  will  tend  to  dindnish 
the  cuiTCnt.  Herein  lies  a  difference  in  construction  of 
telegraphic  and  other  instruraents ;  for  while  electro- 
magnets with  "long  coils,"  consisting  of  many  turns  ol 
fine  wire,  must  be  used  on  long  cireuite  where  there  is 
great  line  re'^istance,  such  an  inatrument  would  be  of  uo 
service  in  a  laboratory  circuit  of  very  small  resistance, 
for  the  resistance  of  a  long  thin  coil  would  be  dispro- 
portionately great:  here  a  short  coil  of  few  turns  of 
stout  wire  would  be  appropriate  (see  Art.  192). 

It  is  the  nature  of  the  line,  according  to  whether  it  is 
of  high  resistance  or  low,  which  governs  the  questions 
how  the  coil  shall  be  wound  and  how  the  battery  shall 
be  grouped. 

Similar  electromagnets  of  dllTerent  sizes  must  have 
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ampere-tiims  proportional  to  their  linear  dimensions  if 
thay  are  to  be  raised  to  equal  degree  of  saturation. 

As  the  magneti.sm  of  the  magnet  depejids  on  the 
number  of  ampere-turns,  it  should  malie  no  matter 
whether  the  coils  are  bigger  than  the  core  or  whether 
they  enwrap  it  quite  closely.  If  there  were  no  magnetic 
leakage  this  would  be  true  in  one  sense ;  but  for  an  equal 
number  of  turns  large  coila  cost  more  and  offer  higher  re- 
sistance. Hence  the  coils  are  wound  as  closely  to  the  iron 
core  aa  is  consistent  with  good  insulation.  Also  the  iron 
is  chosen  aa  thick  as  possible,  as  permeable  aa  possible, 
and  forming  aa  compact  a  magnetic  circuit  as  possible,  so 
that  the  magnetic  resistance  may  be  reduced  to  its  utmost, 
giving  the  greatest  amount  of  magnetism  for  the  number 
of  ampere-turns  of  excitation.  This  is  why  horse-shoe- 
(haped  electromagnets  are  moi-e  powerful  than  straight 
electromagnets  of  equal  weight;  and  why  also  a  horse- 
shoe electromagnet  will  only  lift  about  a  quarter  as  imioh 
load  if  one  pole  only  is  used  instead  of  both. 

As  the  coils  of  electromagnets  grow  hot  with  the 
current,  sufficient  cooling  surface  must  be  allowed,  or 
they  may  char  their  insulation.  Each  square  centimetre 
of  surface  warmed  1°  C.  above  the  surrounding  air  can 
get  rid  of  about  0'0020  watl.  U  50°  above  the  aur- 
roundiiig  air  be  taken  as  the  safe  limit  of  rise  of  tem- 
perature, and  the  electromagnet  has  resistance  r  and 
surface  ,?  sq.  cms.,  the  highest  permissible  current  will  be 
0'38  Vs/r  amperes, 

387.  Polarized  MechsDiam.  —  An  electromagnet 
3  way,  no  matter  which  ^ 
it  Hows.  Reversing  the  cuiTent  makes  no  difference. 
There  are,  however,  two  wajH  of  making  a  meclianism 
that  will  cause  an  armature  to  move  in  either  s 
will,  (a)  The  armature's  movement  ia  controlled  by 
an  adjusted  spricig  so  as  to  be  in  an  intermediate  position 
when  a  weak  current  is  flowing.  Then  .sending  a  stronger 
current  will  move  the  amiature  oue  way,  and  weakening 
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or  Btoppiug  the  current  will  make  it  move  the  other  way. 
(b)  A  polarized  armature  or  tongue  (i.e.  one  that  is  in- 
dependently magnetiKed)  is  placed  beliceen  the  poles  of  the 
electromngiiet  instead  of  opposite  them.  The  direction 
in  which  it  tends  to  move  will  be  reversed  by  reveraing 
the  Gurreut  in  the  circuit  of  the  electromagnet. 

388,  Growtli  of  Magnetism.  —  It  requires  time  to 
magnetize  an  iron  cole.  This  is  mainly  due  to  the  fact 
that  a  current,  when  first  switched  on,  does  not  instantly 
attain  its  full  strength,  being  retarded  by  the  self-induced 
counter-eleotro motive-force  (Art.  45S)  ;  it  is  partly  due  to 
the  presence  ot  transient  reverse  eddy-currents  (Art.  467) 
induced  in  the  iron  itself.  Faraday's  large  electromagnaC 
at  the  Itoyal  Institution  takes  about  two  seconds  to  attain 
ite  maximum  strength.  The  electromagnets  of  large 
dynamo  machines  often  take  ten  minutes  or  more  to  rise 
to  their  working  stage  of  magnetization. 

When  electromagnets  ace  used  with  rapidly  alternating 
ouri'ents  (Art.  470)  there  are  various  different  pheno- 
mena, for  which  the  student  is  referred  to  Art.  477. 


Lesson  XXXU.  —  EUclrodi/namici 

389.  Electrodynamics.  —  In  1821,  almost  immedi- 
ately after  Oersted's  discovery  of  the  action  of  a  current 
on  a  magnet,  Ampere  discovered  that  a  current  acts  upon 
another  onrrent,  apparently  attracting  it'  or  repelling  it 
according  to  certain  definite  laws.  Tliese  actions  he  in- 
vestigated by  eicperiment,  and  from  the  experiments  he 
built  up  a  theory  of  the  force  exerted  by  one  current  on 
another.  That  part  of  the  science  which  is  concerned 
with  the  force  which  one  curiLint  exerts  upon  another 
he  termed  Blectiodynamics.    It  is  now  known  that  these 

•  [tivuiiliDietniirBcorrMt  li)ipeiki)rtheforro>ailr.tlnK°ncp>Mf<Ict(ir( 
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^^1        actions  are  purely  magnetic,  and  are  due  to  stresses  in  th 
^^1       intervening  medium      The  magnetic  field  around  asingl 
^H        conductor  consists  of  a  magnetic  whjil  (Art   202),  an( 
^H       any  otker  conductor  carrying  a  current  when   brough 
^H       into  the  field  of  the  hrst  is  acted  upon  hj  it      Fig    19^ 
^H       shows  the  held  due  to  two  pai-allel  straight  current  con 

1 

i 

Fig.  194.                                                                  Fig.  1(.5. 

^^V       doctors,  which  were  passed  through  holes  in  a  sheet  o 
^H        glass  OB  which  non  filings  were  sprinkled.     In  Fig.  lili 
^H        the  currents  flow  in  the  saaie  direction ;   in  Fig.  105  in 
^H        opposite  directions.    Ill  the  first  case  the  stresses  in  tlie 
^1         field  (Alt.  119)  tend  to  pull  theai  together,  in  the  second 
^m         to  push  them  apart." 

■               390.  Laws  of  Parallel  and  Oblique  Circuits.  —  Tht 
H           following  are  the  laws  discovered  by  Anipfere:  — 

^                (i.)    Two  p'lraHel  portions  of  a  circuit  aUracl  one  anolke 

if  the  currents  in  them  arejlouiing  in  the  same  direction,  ana 

repel  one  another  iftlte  currents  flow  in  opposite  directions. 

This  law  in  true  whether  the  parallel  wires  be  parts  o 

^m^                     two  different  circuits  or  parts  of  the  same  circuit 

^h                   The  separat*  turns  of  a  spiral  coil,  like  Fig.  103. 

^^M                   when  traversed  by  a  current  attract  one  another 

^^K                   such  a  coil,  therefore,  shortens  when  a  curi-ent  i. 

^V                    sent  through  it.    But  this  is  equally  well  explBine( 

^1                 •  S«  «Ude  by  the  luthor  la  Uia  PhU^„.pl,  ieal  Mngazint.  Nov«mb« 
^m          18TS,  B-  M8. 
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by  tiie  general   law  of  electromagnetic   syiittiins 

(Art.   370),  because   Bhorteniiig  will  reduce  the 

reluctance  of  the  magnetic  circuit  and  iticreade 

the  flux. 

(ii.)   Twoporliomo/fircvilt  crpmimj  one  anolker  ohliquely 

attrael  one  another  if  hoik  the  carrentu  run  either  loioarda  «r 

frnm  the  point  of  crossing,  and  repel  ime  another  if  one  rani 

to  and  the  other  fiom  that  point.    ' 

Fig.  10(1  gives  tlirea  cases  of  atti'action  mid  two  of  i-e- 

pulsioii  tliat  occur  in  these  laws, 
(ill.)    When  nn  elemenl   of  a  circuit  exerts  .,  force  on 
another  eiemeni  if  tt  ciixuii,  that  force  alwoffn  ImiU  to  urge 


F\n.  10(1. 

the  titter  in  a  ilireclion  at  right  angles  tn  Us  own  /lirertion. 

Thus,  iu  the  case  of  two  parallel  circuits,  the  force  of 

attraction  or  repulsion  acta  at  right  angles  to  the  currents 

themselves. 

An  ezaciiple  of  laws  ii.  and  iii.  is  afforded  by  the  case 
shown  in  Fig,  107.  Here  two  ciirrenta  ali  and  cd 
are  movable  round  0  as  a  centre.  There  will  be 
an  apparent  repulsion  between  a  and  d  and  be- 
tween c  and  h,  wiiile  in  the  other  quadrunta  there 
will  be  an  apparent  attraction,  a  attracting  c,  and 
b  attracting  d. 
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The   foregoing    laws    inaj    be   summed    up    in    one, 

bj  saying  that  two  portions  of  circuita,  however 

situated,  set  upstressoa 

in      the     surrounding 

medium  tending  to  set 

thetu  so  that  their  cur- 

reata  flow  as  ueaily  in 

the      same      path      aa 

possible . 
(iv.)   The  force   exerted  be- 
tween two  parallel  poriiom  of  a 
product  of  the  strengths  of  the  ti 

the  portions,  and  inuersely  proportional  to  lite  simple  distance 
between  them. 

391.  ArapSre's  Table.  —  In  order  to  observe  these 
attractions  aud  rejiulaions,  Ampere  devised  the  piece  of 


'.its  is  proportional  to  the 
currents,  to  the  length  of 


apparatus  known  as  Ampere's  Table,  shown  in  Fig.  198, 
consisting  of  a  double  supporting  stand,  upon  which 
wires,  shaped  in  different  ways,  can  be  so  hung  as  to  be 
capable  of  rotation.     The  ends  of  the  suspended  wires 
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dip  into  tvio  mercury  cups,  so  as  to  ensure  good  contact, 
while  allowing  freedom  to  move. 

By  the  aid  of  this  piece  of  apparatus  Anipire  further 
deuionatrated  the  following  points :  — 

(a)  A  circuit  doubled  back  upon  iCaelt,  so  tliat  the  current 
Hews  liack  along  a  path  cluse  to  itsell,  exerts  no  lorce 
upou  extomal  paints. 

(&)  A  circuit  bent  into  zig-zags  or  sinuosities  produces  Uie 
e  maj^clic  effects  on  a  neigliliouriiig  piece  of  circuit 


IS  if  It  w 


■aight. 


{o)  There  is  In  no  cane  any  force  lendiug  to  move  a  cenduc- 

tnr  in  thu  direction  of  its  own  length. 

(il)  Tlie  force  between  two  coaduotora  of  any  form  is  the 

same,  wb&tever  the  linear  size  oC  the  system,  provided 

the  distances  he  iucruaRed  ia  the  same  propoctioD,  and 

that  the  currents  remain  the  same  in  strength. 

The  particular  case,  giyen  in  Fig.  19U,  will  show  the  value  of 

thaso  BXperimeots.    Let  AB  and  CD  represent  two  wires  c*rry- 

ing  currents,  lying  neither  parallel  nor  in  the  same  plane.    It 

tullowsfrow  (b)  that  if  we  replace  the  portion  fU  by  the  crooked 


.^^^ 


wire  PRSQ,  the  force  will  remain  the  same.  The  portion  PR  Is 
drawn  vertically  downwards,  and  as  it  can,  by  (c) ,  experience  uo 
force  iu  the  direction  of  its  length,  this  portion  will  aeither  be 
Bttracteduor  repelled  by  CD.  In  the  portion  RS  the  current  runs 
at  Tight  angles  tu  CD,  and  this  portion  is  neilher  attracted  nor 
repelled  by  CD.  In  the  portion  SQ  the  current  runs  parallel  to 
CD,  and  in  the  same  direction,  and  will  therefore  be  attracted 
downwards.    On  the  whole  therefure,  FQ  will  be  urged  towards 
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CD.  Tbe  partlona  PR  and  RS  will  experience  forces  at  rntatloD. 
however,  P  being  urged  round  B  as  a  cenlre  towanls  C,  and  B 
being  urged  horizontallj-  miiDd  S  towards  C.  These  acUuna 
would  tend  to  make  AB  parallel  witli  CD. 

392.   Ampere's  Theory From  the  four  preceding 

exjieri  mental  data,  Ampere  built  up  an  elaborate  mathe- 
niatieal  theory,  assuming  that,  in  the  case  of  these  forces 
acting  apparently  at  a  distance  across  empty  space,  the 
action  took  place  in  straight  lines  between  two  points, 
the  total  attraction  being  calculated  as  the  sum  of  the 
separate  attractions  on  all  the  different  parts. 


The  briefest  aumraary  must 
two  pariillel  elements  of  lengtli 
C]Ci,  and  set  nt  right  angles  U 
their  mutual  force  will  he 


ce.  If  wo  deal  first  with 
ind  (fJa  carrying  currents 
distance  r  joining  them, 


It,  however,  tbey  are  not  parallel  or  In  ont 
the  angle  they  make  with  one  another,  while  B 
angles  they  make  with  r;  when 

,{/■=  -CiCad/;d/2(eos*-Jcos»,coBa2)/100r5. 

Ky  integrating  this  expression  one  obtains  the  forces  (or 
circuits  of  any  given  dimensions.  For  example,  for  two  parallel 
straight  conductors  of  lengths  lilj,  if  these  lengttis  are  great 
Dooipared  with  the  distance  r  between  them,  we  have 

The  researches  of  Faraday  have,  however,  led  to  other 
views;  the  mutual  attractions  and  repulsions  Iseing  re- 
garded as  due  to  actions  taking  place  in  the  medium 
which  fills  the  space  around  and  between  the  conductors. 
AU  these  so-called  electrodyn antic  actions  are  merely 
mi^netic  actions. 

An  interesting  experiment,  showing  an  apparent 
mutual  self-repulsion  between  contiguous  portions  of  the 
circuit,  was  devised  by  Ampfere.  A  trough  divided  by 
a  partition  into  two  parts,  and  made  of  non-conducts 
ing  materials,  is  filled  with  mercury.     Upon  it  Hoala  a 


300  ELECTRICITY  AND   MAGNETISM      fabi  ii 

metallic  bridge  formed  of  a,  lient  wire,  of  the  form  shown 
in  Fig.  200,  or  consiating  of  a  glass  tube  filled  siphonwise 
witli   mercury.      When   a   current  is  sent   through   the 


floating  conductor  from  X  over  MN,  and  out  at  Y,  the 

floating  liridge  ia  observed  to  move  ao  as  to  increase  the 

iirea  enclosed  by  the  circuit.      But  the  force  would  be 

diminislied  indefinitely  if  the  two  parallel 

J'"^:^  parts  coidd  be  made  to  lie  quite  close  to 

fSift  one  another. 

393.  Blectromagaetic  Rotations.  — 
Cnntinnous  rotation  can  be  produced 
between  a  magnet  aud  a  circuit,  or  be- 
tween two  parts  of  one  circuit,  provided 
that  one  part  of  the  circuit  can  move 
while  another  part  remains  fixed,  or  that 
J  the  current  in  one  part  can  be  reversed. 
The  latter  device  is  adopted  in  the  con- 
struction of  eleelrie  ttiotors  (Art.  443). 
The  former  alternative  is  applied  in 
some  historic  apparatus  for  showing 
rotations,  a  sliding-contact  being  made 
'"'■  betweeti   one    paii    of    the   circuit   and 

another.  Several  diiTerent  forms  of  rotation-apparatus 
were  devised  by  Faraday  and  by  Ampere,  One  of 
Faraday's  is  shown  in  Fig.  201,  in  which  a  wire  carrying 
a  current  is  jointed  at  the  top  and  dips  into  a  cup  of 
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mercury  surrounding  the  pole  of  a,  magnet.  On  awitehiiig 
on  the  current  the  wire  at  onirn  begins  to  walk  round  the 
pole  with  a  motion  that  continues  until  the  current  is 
switched  off. 

A  pole  of  a  magnet  can  also  be  made  to  rotate  round 
a  current;  and  if  a  vertical  magnet  be  pivoted  so  as  to 
turn  around  its  on'ii  axis  it  will  rotate  when  a  current  is 
ted  into  its  middle  region  and  out  at  either  end.  If  the 
current  is  led  in  at  one  end  and  out  at  the  other  there 
will  be  no  rotation,  since  the  two  poles  would  thus  be 
urged  to  rotate  in  opposite  naja.  Liquid  conductors  too 
can  exhibit  electromagnetic  rotations.  Let  a  cylindrical 
metallic  vessel  connected  to  one  pole  of  a  battery  be 
filled  with  mercury  or  dilute  acid,  and  let  a  wire  from 
the  otiier  pole  dip  into  its  middle,  so  that  a  current  may 
flow  radially  from  the  centre  to  the  circumference,  or 
vice  rer>a ;  then,  if  this  be  placed  upon  the  pole  of  a 
powerful  magnet,  or  if  a  magnet  be  held  vertically  over 
it,  the  liquid  may  be  seen  to  rotate. 

394.  Klectrodynamometor.^  Weber  devised  an  in- 
BtTumeut  known  as  au  eltctrotiynamometer  for  measuring 
the  strength  of  currents  by  means  of  the  electrodynaraic 
action  of  one  part  of  the  circuit  upon  another  part.  It 
is  a  sort  of  galvanometer,  in  which,  instead  of  a  needle, 
there  is  a  small  coil  suspended.  One  form  of  this  instru- 
ment, in  which  both  the  large  outer  and  small  inner  coils 
consist  of  two  parallel  coils  of  many  turns,  is  shown  in 
Fig.  202.  The  inner  coil  CD  is  suspended  with  its  axis 
at  right  angles  to  that  of  the  outer  coils  AA,  BB,  and  is 
supported  hijilarlij  (see  Art.  130)  by  two  fine  metal  wires. 
If  one  current  flows  round  both  coils  in  eOhtr  direction  the 
inner  bobbin  tends  to  turn  and  set  its  coils  parallel  to 
the  outer  coils ;  the  sine  of  the  angle  through  which  the 
BU!<]«nding  wires  are  twisted  being  proportional  to  the 
square  of  Uie  strength  of  the  current. 
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□  tbem ,  the  Wrque  (or  Cdtd- 


The  chief  advaiitagii  of  this  instrument  over  a  galvan- 
ometer ia,  that  it  may  be  used  for  altermvting  currents ;  a 


current  in  one  direction  being  followed  1 
curi'Qtit,  perhaps  thousands  of  times  in  a  minut«.  Such 
currents  hardly  affect  a  galvanometer  needle  at  all;  the 
needle  simply  quivers  in  its  place  witlioat  turning. 

395.  Siemens's  Electrodynamometer.  —  In  BiemenH's 
dynamometer  (Fig.  203),  much  used  for  measurement 
of  strong  cuiTents,  whether  of  the  continuous  or  the 
alternating  kind,  one  coil  is  fixed  permanently,  whilst 
the  other  coil,  of  one  or  two  turns,  dipping  with,  ita 
ends  in  mercury  cups,  is  hung  at  right  angles,  and 
controlled   by   a    spiral    spring    below    a    torsion-head. 
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When   current   passea   the    movftble   coil    tends   to   turn 
parallel  to  the  fitted  coils,  but  is  prevented ;  the  torsion 
index  being  turned  until  the  twist  on  the  spring  lialances 
the  torque.     The  angle  through  which 
the  index   has   had  to   be   turned   is 
proportional  to  the  product  of   CjCj, 
the  currents  in  the  fixed  and  movable 

For  use  of  dynamometer  aa  icaii- 
meter,  see  Art.  438. 

393.  Kelvin's  Cunrent  Balances 
—  Joule,  Mascart,  Lord  Rayleigh,  and 
others  have  measured  currents  by 
balances  in  which  gravity  was  opposed 
to  the  attraetion  or  repulsiou  of  two 
coils.      Of    such    balances   the    most  p|    ^^g 

perfect  are  those  of  Lord  Kelvin,  the 
principle  of  which  is  outlined  in  Fig.  204.    There  are  four 
fixed   coila,  ABCD,  between  which    is   nnspended,  by   a 
flexible  metal  ligament  of  fine  wires,  at  the  ends  of  a 


light  beam,  a  pair  of  movable  coils,  E  and  F.  The 
current  flows  in  such  directions  through  the  whole  six 
that  the  beam  tends  to  rise  at  F  and  sink  at  E.  The 
beam  carries  a  small  pan  at  the  F  end,  and  a  light  arm, 
not  shown  in  Fig.  204,  but  shown  in  Fig.  205,  along 
which,  as  on  a  steel-yard,  a  sliding  weight  can  be  moved 
to  balance  the  torque  due  to  the  cuixent.  The  current  is 
proportional  to  the  square-root  of  this  torque,  since  the 
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force  is  proportional  to  the  product  of  the  current  in  the 
sed  and  movable  coils  as  in  all  electrodynamonietera. 

Lord  KbMh  has  deaigaed  a  whole  range*  of  these  instrn- 

enta:  — a  cenH-ompere  balance  reading  frora  001  to  1  ampere; 

a  deei^mpere  balaocB  reading  (roin  0*1  to  10;  a  deitir-anipsre 

ncB  readiug  from  1  to  100;  a  helUo-ampere  balance  reading 
from  6  to  fiOO ;  and  a  kilo-ampere  balance  reading  np  to  2ri00  am- 
peres. Tbe  ceiiti-aoipere  balance  la  shown  In  Fig.  205,  in  which 
the  sliding  weight  is  carried  on  the  baae  of  the  pointer  (Bhonrn 
white) ,  and  when  at  the  zero  of  the  scale  juat  balances  the  weight 
in  the  V-shaped  pan.  Any  current  passiogthrongh  the  eoilscauses 
the  beam  to  tilt  and  the  pointer  is  moved  (bf  meaoa  of  a  eel[- 
releaaing  slider  attached  to  cords)  nntil  it  Is  again  horizontal  (as 
ehown  bythe  black  pointer  at  either  end}.  With  a  certain  pair  at 
weights  the  fixed  scale  gives  the  current  in  decimal  parts  of  an 
ampere ;  but  by  the  use  of  other  weights  a  wider  range  is  obtained. 

The  "ampere-standard"  instrument,  and  the  "volt- 
standard"  instruments  of  the  Board  of  Trade,  kept  at 
Whitehall  as  legal  standards  for  Great  Britain,  embodying 
the  intematioDol  units,  are  current  balances  of  special  con- 
struction, designed  by  Major  Cardew. 

397.  Electxomsgnetic  Actions  of  ConTexloD  Currents. 
—  Aoooi'ding  to  Faraday  a  stream  of  particles  charged 
with  electricity  acts  magnetically  like  a  true  conduction 
current  This  was  first  proved  in  1876  by  Rowland,  who 
found  a  charged  disk  rotated  rapidly  to  act  upon  a  mag- 
net as  a  feeble  circular  current  would  do.  Convexion 
currants,  consisting  of  streams  ot  electrified  particles,  are 
also  acted. upon  by  magnets.  The  couvective  discharges 
ill  vacuum-tubes  (Art.  32D)  can  be  drawn  aside  by  a 
magnet,  or  caused  to  i-otate  around  a  magnet^pole.  The 
brush  discharge  (Art.  319)  when  taking  place  in  a  strong 
magnetic  field  is  twisted.  The  electric  arc  (Art.  448) 
also  behaves  like  a  flexible  conductor,  and  can  be  attracted 
or  repeljed  laterally  by  a,  miignet.  Two  stationary  posi- 
tively  electrified   particles   repel   one   another,   but   two 
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parallel  currents  attract  one  another  (Art.  390),  and  if 
electrified  particles  flowing  along  act  like  currents,  there 
should  be  au  (electromagnet io)  attraction  between  two 
electrified  particles  moTing  along  side  hy  side  through 
space.  According  to  Maxwell's  theory  (Art.  518)  the 
electrostatic  repulsion  will  he  just  equal  to  the  electro- 
nmgnetic  attraction  when  the  particles  niove  with  a  velocity 
equal  to  the  velocity  of  light. 

Hall  discovered  in  1879  that  when  a  powerful  magnet 
is  made  to  act  upon  a  current  flowing  along  in  a  strip  of 
very  thin  metal,  the  eqiiipotential  lines  are  no  longer  at 
right  angles  to  the  lines  of  flow  of  the  current  in  the  strip, 
This  action  appears  to  be  counected  with  the  magnetic 
rotation  of  polarized  light  (Art.  536),  Che  coefBcient  of  this 
transverse  thrust  of  the  magnetic  field  on  the  current 
being  feebly  +  in  gold,  strongly  +  iii  bismuth,  and  —  in 
iron,  and  immensely  strong  negatively  in  tellurium.  It 
was  shown  by  the  author,  and  about  the  same  time  by 
Righi,  that  those  metals  which  manifest  the  Hall  effect 
undergo  a  change  in  their  electric  resistance  when  placed 
in  the  magnetic  field.  The  resistance  of  bisnmth  increases 
so  gi'eatly  that  it  affords  a  way  of  measuring  the  strength 
of  magnetic  fields, 

398.  Ampere's  Theory  of  MagnetiBm.  —  Ampere, 
finding  that  soleimids  (such  as  Fig.  1U3)  act  precisely  as 
magnets,  conceived  that  all  magnets  are  simply  collections 
of  currents,  or  that  around  every  individual  molecule  of 
a  magnet  an  electric  current  is  ceaselessly  circulating. 
We  know  that  such  currents  could  not  flow  perpetually  if 
there  were  any  resistance  to  them,  and  we  know  that 
there  is  resistance  when  electricity  flows  from  one  mole- 
cule to  another.  As  we  know  nothing  about  the  interior 
of  molecules  themselves,  we  cannot  assert  that  Ampfere's 
supposition  is  impossible.  Since  a,  whirlpool  of  electricity 
acts  like  a  magnet,  there  seems  indeed  reason  tfl  think 
that  magnets  may  be  merely  made  up  of  rotating  portions 
of  electri&ed  matter. 


CHAPTER  VI 

MEASUREMENT   OF   CURRENTS,   ETC. 

Lesson  XXXIII.  —  OhrrCs  Law  and  its  Consequences 

399.  Law  of  Dr.  Ohm.  —  In  Art.  191  the  law 
discovered  by  Dr.  G.  S.  Ohm  was  stated  in  the  following 
terms :  —  The  strength  of  the  current  varies  directly  as  the 
electromotive-force,   and  inversely  as   the  resistance  of  the 

circuit. 

Using  the  units  adopted  by  practical  electricians,  and 
explained  in  Art.  354,  we  may  now  restate  Ohm's  law  in 
the  following  definite  manner: — The  number  of  amperes 
of  current  Jloioing  through  a  circuit  is  equal  to  the  number  of 
volts  of  electromotive-force  divided  by  the  number  of  ohm^  of 
resistance.     Or, 

amperes  =  volts  -^  ohms, 

C  =  E/R. 

The  above  is  the  simplest  way  of  stating  the  law,  but 
in  its  application  it  is  not  quite  so  simple.  If  we  apply 
it  to  a  whole  circuit  we  must  consider  both  the  total  E 
and  the  total  R.  For  if  a  number  of  cells  are  used  and 
the  circuit  be  made  up  of  a  number  of  different  parts 
through  all  of  which  the  current  must  flow,  we  have  to 
take  into  account  not  only  the  electromotive-forces  of  the 
cells,  but  their  resistances,  as  well  as  the  resistances  of 

397 
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other  parts  of  the  circuit.  For  exntiiple,  the  caireDt  may 
flovr  from  tbe  zitic  plate  of  the  lirst  cell  through  the  liquid 
to  the  carhon  plate,  then  through  a  counectiiig  wire  or 
Bcrew  to  the  nest  cell,  through  its  liquid,  through  the  oon- 
nectiug  scraws  and  liquids  of  the  rest  of  the  cella,  then 
through  a  wire  to  a  galvanometer,  than  through  the  coils 
of  the  galvanometer,  then  perhaps  through  an  electrolytic 
cell,  and  finally  through  a  return  wire  to  the  zitic  pole  of 
the  battery.  Tii  this  case  there  are  a  number  of  sepai-ata 
electro uiotive-foi-ces  all  teudiiig  to  produce  a  flow,  and  a 
uumher  of  different  reaistauuea,  each  obstructing  the  flow 
and  adding  to  the  total  resistance.  If  in  such  a  case  we 
knew  the  separate  values  of  all  the  different  electromotive- 
forcer  and  all  the  difierent  resistances  that  are  in  series 
-we  could  calculate  what  the  curreut  would  be,  for  it  would 
liave  the  value — 


:'  +  e"  +  t">  +  fl''  +  ■ 


■"-r<+  r"+r"'+H>+ 

p  _  'J'otal  electro  in  otive-foroe  ' 

~  Total  resistance 

Exam.pte.~ijst  Cbere  be  S  cells  in  series  each  having;  e  = 
11  vults,  and  eauli  an  lateinal  t  =  0-1  ohm ;  and  Ut  (ba 
exl«rna1  part  of  circuit  have  ceaistani^e  3  ohms.    Total 
B  =  7  volta  i   total  R  =  S  ohms.    Cucrout  C  will  be  II 
amperes. 
If  any  one  of  the  cells  were  aet  wrong  way  round  its 
electromotive-force  would  oppose  that  of  the  other  cells; 
an  opposing  electro [notive-force  must  therefore  be  sub- 
tracted, or  reckoned  as  negative  in  the  algebraic  sum. 
The   "polarization"   (Arta.   175  and  487)  which   occurs 
in  battery  cells  and  in  electrolytic  cells  after  working 
for   some  time   \3   an  opposing  electromotive-force,  and 
diminishes   the   total  of  the  eleoti'omotive-forces   in   the 
circuit.     So,  also,  the  induced  back  E.M.F.  which  is  set 
up   when   a,   current   from   a   battery  drives  an   electric 
motor  (Art.  444)  reduces  the  strength  of   the  working 
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current;  in  auoh  case,  if  E  is  the  electromotive-force  of 
tlie  battery,  e  the  opposing  electro luotive-force,  aod  R  the 
total  resistance,  we  shall  have 


Example.  — Sappnae  the  liattery  to  generate  enrrent  at  25 
v«lu,  and  the  mutoi'  tn  geaentlB  a  back  electromotlve- 
toTce  of  20  volts,  and  tlio  total  reslatauce  to  be  S)  obDis, 
them  n'lll  be  a  current  of  2  atnperoH. 

But  we  may  apply  Ohrn's  law  to  a  pari  of  a  eireiiit. 
If  e  represents  the  difference  of  poteutial  between  two 
enda  of  a  conductor  of  resistance  r,  the  cun-ent  0  in  it 
must  be  =  e/r.  Or,  to  put  it  the  other  way  round,  the 
electroraotiye-force  needed  to  drive  C  amperes  through  a 
resistance  of  r  ohms  will  be  e  =  rC  volts. 

Consider  the  case  of  a  circuit  of  which  the  resistance 
ia  made  up  of  two  parts,  an  external  i-eaistance  R  consist- 
ing of  wires,  lamps,  etc.,  and  of  a  smaller  resistance  r  inter- 
nal to  the  battei-y  or  dyi^anio  (viz.  the  resistance  of  the 
liquids  in  the  cells,  or  of  the  wire  of  the  armature).  Then 
if  E  is  the  whole  electromotive-force  we  shall  have  as 
current 

&  +  / 
or  C(R-)-j-)  =  E; 

or  again  CB  +  Cr  =  E. 

This  means  in  words  that  the  total  volts  may  be  conBidered 
aa  being  employed  partly  in  di'iving  the  current  through 
the  external  resistance  H,  partly  in  driving  the  current 
through  the  internal  resistance  r.  This  latter  part 
of  the  electro  motive-force  is  called  the  los!  volts;  the 
remainder  being  tiie  useful  or  externally  available  volts, 
that  would  be  measurable  by  a  voltmeter  (Art.  220)  set 
across  the  terminals.  If  we  call  the  available  volts  V  wii 
may  write  V  =  CR,  whence 
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V^E-Cr; 

or  in  worda :  the  volts  us  measured  at  the  terminals  of  a 
cell  or  dynamo  are  less  than  the  whole  E.M.I",  generated 
therein ;  heiiig  equal  to  the  whole  E.M.F.  less  the  lost 
Tolta.  The  lost  volts  being  proportional  to  iuternal 
resistance  it  is  ohviously  best  to  keep  all  internal  resist- 
ances as  low  as  possible.  Only  when  the  cell  is  giving  no 
current  are  the  external  volts  V  equal  to  the  whole  E.M.F. ; 
for  when  C  =  n,  Cf  ia  also  =  o. 

Exan'ple,  —  A  dynamo  la  designed  to  generate  its  currents 
with  an  electromutive-forcu  uf  11)5  volts,  'ilie  internal 
reslslance  of  Its  armature  ia  Ja  uliui.  Wlieii  il  is  ^ving 
out  current  0(130  amperes,  the  lost  volts  will  be  120  x  A 
=  4  Tolts.  ConaequBDtly  tlie  volts  available  in  the  ejcter- 
nal  oirt-uit  will  bo  only  101. 


Since  C  = 


_V„ 


it  follows  also  that  V = E  - 


R+r 


400.  Heslstanco — Resistancie  ia  the  name  given  to 
that  projiei'ty  of  niatarials  by  virtue  of  which  they  obstruct 
the  steady  flow  of  electricity  through  them,  ami  fritter 
down  into  heat  the  energy  of  the  current.  It  ia  found 
that  the  resistance  of  a  metal  wire,  if  kept  at  an  unvary- 
ing temperature,  is  the  same  whether  a  large  current  or 
a  small  current  be  flowing  through  it.  For  example,  if 
a  wire  has  a,  resistance  such  that  when  a  difference  of 
potential  of  10  volts  is  applied  to  its  ends  a  cun'eut  of  2 
amperes  flows  through  it  (its  resistance  being  5  ohms), 
it  will  he  found  that  if  I  volt  is  applied  the  current  will 
be  0.3  amperes,  the  ratio  between  volta  and  amperes 
being  5  as  before. 

The  unit  of  resistance,  or  ohm,  is  a  standard  chosen  in 
order  that  the  resistances  o£  other  conductors  may  be 
expressed  in  deflnite  numbers.  The  definition  of  it  is 
given  in  Ai-t.  354.  ft  is  convenient  to  remember  that 
100  yards  of  ordiiiai'y  iron  telegraph-wire  has  roughly  a 
resistance  about  1  ohm. 


RESISTANCES 


I 

■ 


Reaistaiices  in  a  circuit  may  be  of  two  kinds— ^r»i!, 
the  resistances  of  tbe  conductors  (metals,  alloys,  liquids) 
themselves;  second,  tlie  resistances  dae  to  imperfect  contact 
at  points.  Tlie  latter  kind  of  resistance  is  affected  by 
pressure,  for  when  the  surfaces  of  two  conductors  are 
brought  into  more  intimate  contact  with  one  another, 
the  current  passes  more  freely  from  one  conductor  to  the 
other.  The  contact-resistance  of  two  copper  conductors 
may  vary  from  infinity  down  to  a  small  fraction  of  au 
ohm,  according  to  the  pressure.  The  variation  of  resist- 
ance at  a  point  of  imperfect  contact  is  utilized  in  telephone 
transmitters  (Art.  512).  The  conduction  of  poialered 
metah  is  remarkable.  A  loose  lieap  of  filings  scarcely 
conducts  at  all,  owing  to  the  want  of  cohesion,  or  to  the 
existence  of  films  of  air  or  dust.  But  it  becomes  instantly 
a  good  conductor  if  an  electric  spark  is  allowed  to  occur 
anywhere  witliin  a  few  yards  of  it  (see  Art.  531).  The 
resisting  films  of  air  are  broken  down  by  minute  internal 
discharges  in  the  mass.  A  very  slight  agitation  by  tap- 
ping at  once  makes  the  powder  iion-coiiductive. 

For  the  purpose  of  regulating  the  flow  of  cnrrents, 
and  for  electrical  measurements  (Art.  411),  variable 
resistances  are  employed.  Resist- 
ance coils  (Art.  il4)  are  sets  of 
coils  made  each  of  a  definite 
value  in  ohms,  of  which  one  or 
more  can  be  inserted  in  the 
circuit  at  will.  Rhenslals  coTtsist 
of  easily-adjustable  resiatanoes,  f^,  got. 

the   length  of   wire   in  circuit 

being  varied  by  turning  a  handle.  In  some  coses  the 
rheostat  wire  is  wound  off  and  on  to  a  roller.  In 
others  a  handle  (Fig.  21)6)  moving  over  a  number  of 
metal  studs  varies  the  amount  of  resistance-wire  through 
which  the  current  must  flow.  Carbon  rheostats  consist  of 
a  number  of  little  plates  of  hard  carbon,  about  3  inches 
gquare,  arranged  in  a  pile,  with  a  screw  to  reduce  their 
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riisUtiince  by  squeezing  them  together  into  better  c 


(i.)  The  resislaace  of  a  conducting  icire  is  proportional  to 
its  length.  If  the  resistance  of  a  mile  of  iron 
telegraph  wire  be  17  ohms,  that  of  50  miles  will 
be  50  X  17  =  850  ohms. 

(ii.)  The  retislance  of  a  conducting  wire  it  invenely  pro- 
porlional  to  the  area  of  its  erois-section,  and  therefore 
in  the  usual  round  wires  is  inveneli/  proportional 
to  the  iquare  of  ia  diameter.  Ordinary  telegraph 
wire  is  about  |  of  au  inch  thick;  a  wire  twice 
aa  thick  would  conduct  four  times  as  well, 
having  four  times  the  area  of  cross-section; 
hence  an  equal  lengtli  of  it  would  have  outy  \ 
the  resistance. 

(iii.)  The  resistance  of  a  cnwlucling  wire  of  given  length 
and  thickness  depends  vpon  the  material  of  which 
it  is  made  —  that  h  to  say,  upon  the  specific 
resistance  of  the  material. 

If  the  length  of  a  wire  be  /  centimetres,  and  its  area 
of  section  A  square  centimetres,  and  the  specific  resistance 
f>f  the  material  be  p,  then  its  resistance  R  will  be 
R  =  Ip/K. 


402.  Cooductance  and  Sesistance.  ^  The  term  con- 
ductance ia  used  as  the  inverse  of  resistance ;  a  conductor 
whose  resistance  is  r  ohms  is  said  to  have  a  coiiductance 
of  l/r  "mhos."  When  a  number  of  conductors  are  in 
parallel  with  one  aiiotlier  their  united  conductance  is  the 
sum  of  their  separate  conductances. 

The  conductance  of  a  prism  of  which  the   length  is 
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1  cm.  Had  its  area  of  section  ia  1  sq.  am.,  is  called  its 
eonduelivity  or  xpec\fic  conductance. 

The  resiatanoe  of  a  prism  of  length  1  cm.  arid  wectioii 
1  sq.  om.  ia  aometimea  called  its  TesistivUi/  or  specific 
resislance. 

403,  Specific  Heaiatance.— The  specific  resistance  of 
a  Bubatance  ia  moat  cunvetiieiitly  stated  as  the  resistance 
(in  milliontha  of  an  olim)  of  a  centimetre  cuhe  of  the 
substance.  The  Table  on  p.  404  ako  gives  the  relative 
conduoCance  when  that  of  copper  ia  taken  aa  100 :  — 

Aluminium  is  a  better  conductor  tliau  silver,  weight 

It  is  found  that  those  substances  that  posaeaa  a  high 
conducting  power  for  heat  are  also  the  liest  conductors 
of  electricity,  but  the  ratio  of  these  conductivities  is 
not  constant;  it  varies  aa  the  absolute  temperature. 

Liquids  fall  under  three  heads  :  (1)  molten  irietals  and 
alloys,  which  conduct  aimplj  as  metals;  (2)  fused  salts 
and  solutions  of  salts  and  acida,  which  conduct  only  by 
eltctroiyta  (Art.  487) ;  (3)  insulators,  anch  as  the  oils,  tur- 
pentine, etc.,  and  bromine.  Liquid  electrolytes  are  worse 
conductors  than  metals ;  gases,  including  steam,  are  pei^ 
feet  non-conductors,  except  when  so  rarefied  aa  to  admit 
of  discharge  hy  convexion  tlirough  them  (Art.  320). 

404.  Effects  of  Heat  on  Sesistance. — Changes  of 
temperature  affect  temporarily  the  conducting  power 
of  metals.  Nearly  all  tiie  pure  metals  increase  their 
resistance  about  0-4  per  cent  for  a  rise  of  1°  C.  in  tem- 
perature, or  about  40  per  cent  when  wanned  100°, 
When  cooled  in  liquid  oxygen  the  resistance  was  foimd 
by  Wi'ohlewski  to  fall  greatly.  A  copper  wire  which  at 
0°  had  a  resistance  of  17'5  ohma  fell  to  1-65  ohms  at 
—  201°  C.  Dewar  and  Fleming  find  all  pure  metals  to 
lower  tlieir  reaistance  aa  thougii  at  —  274°  C,  (abaoluta 
zero  of  temperature)  they  would  become  perfect  con- 
ductors. The  resistance  of  carbon,  on  the  other  hand, 
diminishes  on  heating.      Tha  filament  of  a  glaw4amp, 
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TABLE  OF  SPECIFIC   RESISTANCE. 


Substance. 

Specific 

Kesistance 

(microhms  of 

1  cm.  cube). 

Kesistance 

(ohms)  of 

metre  length 

1  sq.  mm. 

Section. 

Relative 
Conductance. 

Metals  at  0°  C. 

Copper  (annealed) 

"      (hard)       . 

Silver  (annealed)  . 

"     (hard). 
Gold      .... 
Aluminium   (annealed) 
Platinum 
Iron  (pure)    . 
Iron  (telegraph  wire)    . 
Lead      .        .        . 
Mercury 
Selenium 
Carbon  (graphite) 
"       (arclight) 

1-570 

1-608 

1-492 

1-620 

2-077 

2-889 

8-982 

9-688 
15 

19-68 
94-84 
6  X  low 
2400  to  42000 
about  4000 

•0157 

•0160 

•0149 

•0162 

•0208 

•0289 

•0898 

•0964 

•15 

•1968 

-9434 

100 

98^1 
105 

98 

76 

54 

17 

16 

10 
83 

1-6 

1 

40>000>000>000 
3500 

Alloys. 

German-silver 

(Cu  60,  Zn  26,  Ni  14) 
Platinum-silver     . 

(Pt67,Ag83) 
PUtinoid 

(Cu  59,  Zn  25-5,  Ni 
14,  W  55) 
Manganin 

(Cu  84,  Ni  12,  Mn  3-5) 

20-76 

2-4 

82-5 

47-5 

-2076 

-024 

•825 

•475 

7-6 
6-5 

4-8 

8-3 

Liquids  at  18°  C. 

Pure  water    . 

Dilute  HjSO*,  5% 
"      H2SO4,  80% 
"     HjS04,  80%       . 
"     Zn8()4, 24% 
"      HNO3,  80%       . 

26-5  X  10» 
486x10* 
187  X  10* 
918x10* 
214  X  10» 
129  X  10* 

less  than  one 
millionth  part 

Insulators. 

Glass  at  20°  C. 
Glass  at  200°  C.     . 
Guttaperclia24oC. 

91x10" 

22-7  X  10« 

4-5  X  1020 

less  than  one 
billionth 
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wliich  when  cold  was  2;10  ohma,  was  only  150  when  white 
hot.  Gerinan-ailver  iiud  other  alloys  do  not  show  so 
much  change,  heoce  they  are  used  in  making  standard 
resiataucB  coils.  Tlie  teinperature-coefficieDt  of  German- 
silver  is  only  0-O0O44  for  1°  C,  or  j\  that  of  the  pare 
metala.  Platinoid  and  platinum-silver  liave  about  O'OOOU 
for  their  coeflicient.  Weston  has  found  alloys  of  man- 
ganese, copper,  and  nickel,  which  have  a  small  negative 
coefficient.  Those  liquids  which  only  conduct  by  being 
electroIjTed  (Art.  '2M)  conduct  better  as  the  tempera- 
ture rises.  The  effect  of  lighi  in  varying  the  resist- 
ance of  selenium  ia  stated  in  Art.  529.  The  property 
of  changing  I'eststance  with  temperature  is  now  used 
for  measuring  furnace  temperatures  in  Callendar's 
platinum  pyrometer.  The  bolometer  used  by  Langley 
in  researches  on  radiant  heat  depends  on  the  same 
property. 

405.  Insulators. —  The  name  itisalators  is  given  to 
materials  which  have  such  high  resistances  that  they  can 
be  used  as  non-conductors.  They  differ  much  in  their 
mechanical  qualities  as  well  as  in  their  insulation-resist- 
ance. They  may  be  classed  under  several  heads :  (1) 
Vitreous,  including  glass  of  all  kinds  and  slags ;  (2)  Stony, 
including  slate,  marble,  stonevrare,  steatite,  porcelain, 
mica,  asbestos ;  (3)  Aesi nous,  including  shellac,  resin,  bees- 
was,  pitch,  various  gnms,  bitumen,  ozokerit;  (4)  Elastic, 
including  india-rubber,  guttapercha,  ebonite ;  (5)  Oily, 
including  various  oils  and  fats  of  animal  and  vegetable 
origin,  as  well  as  solid  paratBn  and  petroleum  oil;  (6) 
Cellulose,  including  dry  wood  and  paper,  and  preparations 
of  paper,  such  as  "fibre"  and  celluloid.  All  these 
materials  decrease  their  resistance  enormously  as  the 
temperature  rises,  and  in  general  become  fairly  good 
conductors  as  soon  as  any  chemical  change  begins;  some 
of  them  (as  glass)  conduct  as  electrolytes  so  soon  as 
tliey  solten. 

The  name  inaulaton  is  also  used  for  the  insulating 
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supports  of  stoneware,  porcelain,  or  glass  on  which  tele- 
graph wires  are  carried  (Art.  497). 

406.  Typical  Circuit.  —  Let  us  consider  the  typical 
case  of  the  circuit  shown  in  Fig.  207,  in  which  a  battery, 
ZC,  is  joined  up  in  circuit  with  a  galvanometer  by  means 
of  wires  whose  resistance  is  R.  The  total  electromotive- 
force  of  the  battery  we  will  call  E,  and  the  total  internal 
resistance  of  the  liquids  in  the  cells  r.  The  resistance  of 
the  galvanometer  coils  may  be  called  G.  Then,  by  Ohm's 
law:  — 

P E 

~  R  +  r  +  G* 

I'he  internal  resistance  r  of  the  liquids  of  the  battery 
bears  an  important  relation  to  the  external  resistance  of 

the  circuit  (including  R 
and  G),  for  on  this  relation 
depends  the  best  way  of 
arranging  the  battery  cells. 
Suppose,  for  example,  that 
we  have  a  battery  of  50 
small  DanielPs  cells  at  our 
disposal,  of  which  we  may 
Fig.  207.  reckon  the  electromotive- 

force  as  one  volt  (or,  more 
accurately,  1-07  volt)  each,  and  each  having  an  internal 
resistance  of  two  ohms.  If  we  have  to  use  these  cells  on 
a  circuit  where  there  is  already  of  necessity  a  high  resist- 
ance, we  should  couple  them  up  "  in  series  "  rather  than 
in  parallel.  For,  supposing  we  have  to  send  our  cuiTent 
through  a  line  of  telegraph  100  miles  long,  the  external 
resistance  R  will  be  (reckoning  13  ohms  to  the  mile  of 
wire)  at  least  1300  ohms.  Through  this  resistance  a 
single  such  cell  would  give  a  current  of  less  than  one  milli- 

ampere,  for  here  E  =  1,  R  =  1300,  r  =  2,  and  therefore 

F                1               1 
C  =  — - — = = of  an  ampere,  a  current  far 

R  +  r     1300  +  2     1302  ^ 

too  weak  to  work  a  telegraph  instrument. 
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With  fifty  Buch  cells  in  aeries  we  should  h&ve  E  =  50, 
r  =  100,  and  then 

C  = — =  -^  =  —  of  an  ampere,  or  over  35  miUi- 

1300  +  100     1400     28  "^ 

aniperea.  In  telegraph  work,  where  the  inatrumenta 
require  a  current  of  5  to  10  milli-arnpei'es  to  work  them, 
it  is  uaunl  to  reckon  an  additional  Daniell's  cell  for  everj 
5  niilea  of  line,  each  iustrument  in  the  circuit  being 
counted  as  having  as  great  a  resistance  as  10  niUes  of 

If,  however,  the  resistance  of  the  external  circuit  be 
small,  such  arrangementa  must  be  roada  as  will  keep  the 
total  internal  resistance  of  the  battery  small.  Suppose, 
for  example,  we  wish  merely  to  heat  a  small  piece  of 
platinum  wire  to  redness,  and  use  stout  copper  wires  to 
connect  it  with  the  battery.  Here  the  external  resist- 
ance may  poasibly  not  be  as  much  as  1  ohm.  In  that 
case  a  single  cell  would  give  a  current  of  j  of  an  ampere 
(or  333  milli-ainperea)  ttirough  the  wire,  for  here  E  =  1, 
R  =  1,  and  r  =  2.  But  10  cells  would  only  give  half  as 
much  again,  or  478  milii-aniperes,  and  filtv  celb  only 
405  milli-amperea,  and  with  an  infinite  number  of  such 
cella  in  aeries  the  current  could  not  pnaaibly  be  more 
than  500  milli-amperea,  because  every  cell,  though  it  adds 
1  to  E,  adds  3  to  R.  It  is  clear  tlien  that  tliough  link- 
ing many  cells  in  series  ia  of  advantage  where  there  is  the 
resistance  of  along  line  of  wire  to  be  overcoine,  yet  where 
the  external  resistance  ia  small  the  practical  advantage  of 
adding  cells  iu  series  soon  reaches  a  limit. 

But  suppose  in  this  second  case,  where  the  external 
resiatance  of  the  circuit  is  small,  we  reduce  also  the 
internal  reaistance  of  our  battery  by  linking  cells  to- 
gether in  parallel,  joining  several  zincs  of  several  cells 
together,  and  joining  also  their  copper  poles  together 
(as  suggested  ia  Art.  i.S2),  a  different  and  better  result 
ia  attained.  Suppose  we  thus  join  up  four  cella.  Their 
electromotive-force  will  be  uo  more,  it  is  true,  than  that   . 
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of  one  cell,  but  their  resistance  will  be  but  \  of  one  sucb 
cell,  or  ^  an  ohm.  These  four  cells  would  give  a  current 
of  666  milli-amperes  through  an  external  resistance  of  1 
ohm,  for  if  E  =  1,  R  =  1,  and  the   internal  resistance 

be  J  of  r,  or  =  J,  then 

E 
C  = =  f  of  an  ampere,  or  666  milli-amperes. 

R  +  r 

If  we  arrange  the  cells  of  a  battery  in  n  files  of  m 

cells  in  series  in  each  file  (there  being  m  x  n  similar  cells 
altogether),  the  electromotive-force  of  each  file  will  be 
m  times  the  electromotive-force  £  of  each  cell,  or  mE ; 
and  the  resistance  of  each  file  will  be  m  times  the  resist- 
ance r  of  each  cell,  or  mr.     But  there  being  n  files  in 

parallel  the  whole  internal  resistance   will  be  only  _ 

n 

of  the  resistance  of  any  one  file,  or  will  be  — r,  hence, 

n 

by  Ohm's  law,  such  a  battery  would  give  as  its  current 

p  _      mE 
~*r-f  R 

n 

407.  Best  Groupings  of  Cells.  —  If  the  question 
arises  as  to  the  best  way  of  grouping  a  given  number  of 
cells,  it  must  be  replied  that  there  are  several  best  ways. 

(1)  Grouping  for  best  Economy.  —  So  group  the  cells 
that  their  united  internal  resistance  shall  be  very  small 
compared  with  the  external  resistance.  In  this  case 
the  materials  of  the  battery  will  be  consumed  slowly,  and 
the  current  will  not  be  drawn  off  at  its  greatest  possible 
strength ;  but  there  will  be  a  minimum  waste  of  energy 
(Art.  435). 

(2)  Grouping  for  greatest  Current.  —  It  can  be  shown 
mathematically  that,  for  a  given  battery  of  cells,  the  way 
of  grouping  them  that  will  give  the  largest  steady  current 
when  they  are  required  to  work  through  a  given  external 
resistance  R,  is  so  to  choose  m  and  n  that  the  internal 

resistance  (— ^)  shall  equal  the  external  resistance.     The 
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student  ehauld  reriiy  this  rule  by  takiug  examples  and 
working  tiieiii  out  for  diflerent  groupings  of  the  celts. 
Although  this  aiTangeiiieDt  gives  the  strongest  current  it  is 
not  the  most  economical ;  for  if  the  inteniHl  and  ext«nial 
reaistancea  be  equal  to  one  another,  the  useful  work  in 
the  outer  circuit  aiid  the  nseless  work  done  in  heating  the 
cells  wOl  l>e  equal  also,  half  the  energy  being  wasted. 

(i)  Grouping  for  quickest  Action.  —  If  there  are  electro- 
magnets, or  other  objects  possesaing  self-induction  (Art. 
458)  in  the  circuit,  which  would  tend  to  prevent  the 
current  rising  quickly  to  its  pi-oper  value,  the  best  group- 
uig  to  cause  the  current  to  rise  aa  quickly  as  possible  is 
one  that  will  make  the  internal  resistance  higher  than  the 
external,  namely,  put  all  the  cells  in  series  (see  Art.  460). 

408.  Long  and  Short  Coil  Instnunent^.  —  The  stu- 
dent will  also  now  have  no  difflcultj  in  perceiving  why 
a  "long-coil "  galvanometer,  or  a  "  long-coil  "  electromag- 
net, or  instrument  of  any  kind  in  which  the  conductor 
is  a  long  thin  wire  of  high  resistance,  must  not  be 
employed  on  circuits  where  both  R  and  r  are  already 
small.  He  will  also  understand  why,  on  circuits  of  great 
length,  or  where  there  is  of  necessity  a  high  resistance  and 
a  battery  of  great  electromotive-force  is  employed, "  shott- 
coil"  instruments  are  of  little  service,  for  though  they 
add  little  to  the  resistances,  their  few  turns  of  wire  are  not 
enough  to  produce  the  required  action  with  the  small  cur- 
rents that  circulate  iu  high-resistance  circuits.  He  will 
understand,  too,  why  "long-coil"  iuatrumentfi  are  here 
appropriate  as  multiplying  the  effects  of  the  currenta  by 
their  many  turns,  their  resistance,  though  perhaps  large, 
not  being  a  serious  addition  to  the  existing  resistancea  of 
the  circuit.  The  main  point  to  grasp  is  that  it  is  (Ae 
nature  of  the  line,  whether  of  high  resistance  or  low,  which 
determines  not  only  the  grouping  of  the  battery,  but  also 
what  kind  of  winding  is  appropriate  in  the  instruments, 

409.  Divided  Circuits.  —  If  a  circuit  dividea,  as  in 
Fig.  208,  into  two  branches  at  A,  uniting  together  again 
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at  B,  tbe  current  will  aLfw  be  dividetl,  part  flowing  through 
one  branch,  part  through  the  other.  Any  branch  which 
serreH  as  a  by-pass  to  >inother  branch  is  termed  a  shunt. 
The  relative  stretiglhs  of  current  in  the  two  braiiehei  will  be 
proportional  to  their  con- 
ductances, !.e-  tjuieraely 
prnporlional  to  Ikeir  resUl- 
(iHces.-  Thus,  if  r  be  a 
wire  of  2  ohms  resistance 
and  r*  3  ohms,  then 
current  in  r:  current  in 


or,  I   of  the  whole  our- 
',  and  ^  of  the  whole  current 


FItr.  308. 

rent  will  flow  tlirough  ; 
through  t'. 

The  join!  resvilance  oi  the  divided  circuit  between  A 
and  B  will  be  lesa  than  the  resistance  of  either  brnticti 
Hingly,  because  the  current  has  now  two  paths.  In  fact, 
the  joint  conductance  will  be  the  sum  of  the  two  separate 
conductances.  And  if  we  call  the  joint  resistance  R,  it 
follows  that 


1  , 


R 


rr'   ' 


r'-t-l-' 


1  words,   the  joint   r 


sislnni-F  -if  n  i/ittiiM  conductor  is  eqwil  to  the prmhtcl  of  the 
two  se/mrale  resinlaiices  divided  bij  their  sum.  This  is  some- 
times called  the  law  of  shunts,  because  each  of  the  branches 
may  be  regarded  as  a  shunt  to  the  other.  A  simple  con- 
struction for  finding  the  value  graphically  is  given  in  Fig. 
309.  Lei  lines  representing  the  two  resistances  r  and  r* 
be  erected  at  the  ends  of  any  base  line,  and  the  diagonals 


bough  par 
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drawn  CIS  shown.     The  perpendicular  at  the  point  of  their 
intersection  will  l.>e  the  joint  resistance  R. 

Ill  case  there  are  three  or  more  branches  all  in  parallel, 
"n  Fig.  210,  the  rule  may  be  generalisied  as  follows : — 


Tftc  joint 
is  the  recipii 


of  liny  nmnlier  of  cnniiuctnrs  in  paralM 
\l  of  the  Hum  of  the  recipracoh  of  the  separate 


(i.)  in  any  hranching  network  of  wiren  the  olgebraic  sum 
of  the  cvrrenU  in  all  Ike  vnrea  thai  meet  in  any 

(ii.)  When  there  are  several  electromotive-forcet  acting  at 
different  pmnln  of  a  circuit,  the  total  eleelromolive- 
foTce  round  the  circuit  is  r^uoi  to  the  sum  of  the 
reiiislanr.es  of  its  separate  jrnrts  multiplied  each  into 
the  slri'iiijlh  of  the  current  Ihiitjtoics  through  it. 

410.  CuirentSheetH.  — When  a  cuiTent  enters  a  solid  • 
conductor  it  no  longer  flowa  in  one  line  bnt  spreads 
out  and  flows  through  the  mass  of  the  conductor.  When 
a  current  is  led  into  a  thin  plate  of  conducting  matter  it 
spreads  out  into  a  current  sheet  and  flowa  througli  the  plate 
by  stream-lines  in  directions  that  depend  upon  the  form  of 
the  plate  and  the  position  of  the  pole  by  which  it  returns 
to  the  battery.  Thus,  if  wires  from  tlie  two  poles  of  a 
battery  are  brought  into  oontact  with  two  neighbouring 
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points  A  and  B  in  the  middle  of  a  very  large  flat  sheet 
of  tinfoil,  the  current  flows  through  the  foil  not  in  one 
straight  line  from  A  to  B,  but  in  stream-lines,  which  start 
out  in  all  directions  from  A,  and  curl  round  to  meet  in 
B,  in  curves  very  like  those  of  the  "  lines  of  force  "  that 
run  from  the  N  pole  to  the  S  pole  of  a  magnet  (Fig.  67). 
When  the  earth  is  used  as  a  return  wire  to  conduct  the 
telegraph  currents  (Fig.  274),  a  similar  spreading  of  the 
currents  into  current  sheets  occurs. 


Lesson  XXXIV.  —  Electrical  Measurements 

411.  Measurement  of  Resistance.  —  The  practical  elec- 
trician has  to  measure  electrical  resistances,  electromotive- 
forces,  and  the  capacities  of  condensers.  Each  of  these 
several  quantities  is  measured  by  comparison  with  ascer- 
tained standards,  the  particular  methods  of  comparison 
varying,  however,  to  meet  the  circumstances  of  the  case. 
Only  a  few  simple  cases  can  be  here  explained. 

Ohm*s  law  shows  us  that  the  strength  of  a  current  due 
to  an  electromotive-force  falls  ofE  in  proportion  as  the 
resistance  in  the  circuit  increases. 

(a)  Method  of  Substitution.  —  It  is  therefore  possible  to 
compare  two  resistances  with  one  another  by  finding  out 
in  what  proportion  each  of  them  will  cause  the  current  of 
a  constant  battery  to  fall  off.  Thus,  suppose  in  Fig.  207 
we  have  a  standard  battery  of  a  few  Daniell's  cells, 
joined  up  in  circuit  with  a  wire  of  an  unknown  resistance 
R,  and  with  a  galvanometer,  we  shall  obtain  a  current  of 
a  certain  strength,  as  indicated  by  the  galvanometer  needle 
experiencing  a  certain  deflexion.  If  we  remove  the  wire 
R,  and  substitute  in  its  place  in  the  circuit  wires  whose 
resistances  we  know,  we  may,  by  trying,  find  one  which, 
when  interposed  in  the  path  of  the  current,  gives  the  same 
deflexion  on  the  galvanometer.  This  wire  and  the  one 
we  called  R  offer  equal  resistance  to  the  current.     This 
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methmf  of  substitution  of  equivalent  resistances  waa  further 
deTEloped  by  Wlieatatoiie,  Jacobi,  and  others,  when  they 
proposed  to  employ  as  a,  standard  resistance  a  long  thin 
wire  coiled  upon  a.  wooden  cylinder,  so  that  any  desired 
length  of  the  standard  wire  niiglit  be  thrown  into  the 
circuit  by  unwinding  the  proper  nimiber  of  tiir:i8  of  wire 
off  the  cylinder,  or  by  making  contact  at  some  point  at 
any  desired  distance  from  the  end  of  the  wire.  This  form 
of  rheaitat  was  found,  however,  to  be  less  accurate  than 
the  resistance  coils  described  below. 

(ft)  Mft/ind  of  Proportional  Deflexion.  — Ihe  method 
explained  above  can  be  used  with  a^iy  galvanometer  of 
sufficiejit  sensitiveness,  but  if  a  tan^nt  galvanometer  ia 
available  the  prowss  may  be  shortened  by  calculation. 
Sujipose  the  galvanometer  and  an  unknown  resistance  R 
to  be  included  in  the  circuit,  as  in  Pig.  207,  and  that  the 
current  is  strong  enough  to  produce  a  defiesion  8:  Now 
substitute  for  B  any  known  resistance  R',  which  will  alter 
the  deflexioi]  to  E';  then  (provided  the  other  resistances  of 
the  circuit  be  negligibly  small)  it  is  clear  that  since  the 
strengths  of  the  currents  are  proportional  to  (an  S  and 
tan  S^  respectively,  the  resistance  R  can  be  calculated  by 
the  inverse  proportion. 

tan  S  :  tan  &' =  R' :  R. 
(r)  Afelhod  of  Differentia  Galvanometer. —  V^iXh.  a  dif- 
ferential galvanometer  (Art.  217),  and  a  set  of  standard 
resistance  coils,  it  is  easy  to  measure  the  resistance  of  a 
conductor.  Let  the  circuit  divide  into  two  branches,  as 
in  Fig.  211,  so  that  part  of  the  current  flows  through  the 
unknown  resistance  and  round  one  set  of  coils  of  the 
galvanometer,  the  other  part  of  the  current  being  made  to 
flow  through  the  known  resistances  and  then  round  the 
other  set  of  coils  in  the  opposing  direction.  Wlien  we 
have  succeeded  in  matching  the  unknown  resistance  by 
one  equal  to  it  from  amongst  the  known  resiftances,  the 
Burrenta  in  the  two  branches  will  be  equal,  and  the  needle 
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of  the  diiferential  galvanometer  will  show  no  deflexion. 
This  null  method  is  very  reliable. 

(d)  Bridge  Melhoil.  —  The  beat  of  all  the  ways  of 
meaatiring  resistances  ia,  however,  with  the  iniportant 
instrument  knowu  as  Wheatatone's  Bridge,  described 
below  in  Art.  413. 

(e)  Condenser  Methods.  —  To  measure  very  high  resists 
aiioes  the  plan  may  be  adopted  of  charging  a  condenser 

from  6,  standard  batteiy  for  a  definite 
time  through  the  resistance,  and  then 
ascertaining  the  accumulated  charge 
by  discharging  it  through  a  balliatio 
galvanometer  (Art.  218).  Or  in  an- 
other method  the  condenser  is  allowed 
to  discharge  itself  slowly  through  the 
high  resistance,  and  the  time  taken 
by  tlie  potential  to  fall  through  any 
given  fraction  of  its  original  value  is 
observed.  This  time  is  proportional 
to  the  resiatance,  to  the  capacity,  and  to  the  logarithm  of 
the  given  fraction. 

412.  FaU  of  Potential  along  a  Wire.  — To  under- 
stand the  pi'iiioii'le  of  Wheatstone'a  Bridge  we  must  ex- 
plain a  preliminary  point.  II  the  electric  potential  of 
different  points  of  a  circuit  be  examined  by  means  of  an 
electrometer,  as  explained  in  Art.  389,  it  is  found  to 
decrease  all  the  way  round  the  circuit  from  the  -|-  pole  d 
the  battery,  where  it  is  highest,  down  to  the  —pole,  where 
it  is  lowest.  If  the  circuit  consist  of  one  wire  of  uniform 
thiclcnesa,  which  offers,  consequently,  a  uniform  resialanoe 
to  the  current,  it  is  found  that  the  potential  falls  uni- 
formly; if,  however,  part  of  the  circuit  resists  more  than 
another,  it  is  found  that  the  potential  falls  most  rapidly 
along  the  conductor  of  greatest  resistance.  If  with  a  suit- 
able voltmeter  we  explore  the  fall  of  potential  betweeii  two 
points  a  and  i  of  a  circuit  (Fig.  212),  we  shall  find  in  every 
case  the  fall  of  potential  proportional  to  the  resistance 
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between  those  two  points.  For  V  =  CE,  and  therefore,  for 
the  same  C,  the  V  across  any  part  is  proportional  to  the 
R  of  that  part.  We  know,  far  example,  that  when  we 
)iave  gone  round  the  circuit  to  a  point  where  the  potential 
has  fallen  through  half  its  value,  the  i 
point  gone  through  half  the 
resistonoea.  The  best  way  to 
I  very  large  current 

!  (with  sensitivfl      _ 
voltmeter  aiTangenient  of  gal-    ^- 
vanometer)  the  drop  of  poten- 
tial   it    produces    when    sent  ^g  gjg 
through    a   known    very  low 

resistance  such  as  a  strip  of  platinoid  having  exactly 
j^^  ohm  resistance  between  two  measured  pointiS. 
To  measure  a  very  small  resistance,  it  should  be  put  in 
series  with  another  known  very  small  resistance,  and 
the  drops  of  potential  when  the  same  current  flows 
tlirougli  both  are  compared :  the  resistance  of  each  being 
as  the  drop  in  potential  between  its  ends. 

413.  Wheatatane's  Bridge.  —  This  instniment,  in- 
vented by  Christie,  and  applied  by  Wheatstone  to  meas- 
ure resistances,  consists  of  a  system  of  conductors  shown 
in  diagram  in  Fig.  218.  This  circuit  of  a  battery  is  made 
to  branch  at  F  into  two  parts,  which  reunite  at  Q,  so 
that  part  of  the  current  flows  through  the  point  M,  the 
other  part  through  the  point  N.  The  four  conductors 
D,  C,  B,  A,  are  spoken  of  aa  the  "  arms  "  of  the  "  balance  '■ 
or  "bridge";  it  is  by  the  proportion  subsisting  between 
their  resistances  that  the  resistance  of  one  of  them  can  be 
calculated  when  the  resistances  of  the  other  three  are 
known.  When  the  current  which  starts  from  C  at  the 
battery  arrives  at  F,  the  potential  will  have  fallen  to  a 
certain  value.  The  potential  of  the  current  in  the  upper 
branch  again  falls  to  M,  and  continues  to  fall  to  Q.  The 
potential  of  the  lower  branch  falls  to  N,  and  again  falls 
till  it  reaches  the  value  at  Q.    Now  it  N  be  the  same 
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proportionate  distance  along  the  resistances  between  P 
and  Q,  as  M  is  along  the  resistances  of  the  upper  line 
between  P  and  Q,  the  potential  will  have  fallen  at  N  to 
the  same  value  as  it  has  fallen  to  at  M ;  or,  in  other 
words,  if  the  ratio  of  the  resistance  C  to  the  resistance  D 


Fig.  218. 

be  equal  to  the  ratio  between  the  resistance  A  and  the 
resistance  B,  then  M  and  N  will  be  at  equal  potentials. 
To  find  out  whether  they  are  at  equal  potentials  a  sensi- 
tive galvanometer  is  placed  in  a  branch  wire  between  M 
and  N ;  it  will  show  no  deflexion  when  M  and  N  are  at 
equal  potentials ;  or  when  the  four  resistances  of  the  arms 
"  balance  "  one  another  by  being  in  proportion,  thus :  — 

A  :  C  : :  B  :  D. 

If,  then,  we  know  what  A,  B,  and  C  are,  we  can  calculate 
D,  which  will  be 


Example. — Thus  if  A  and  C  are  (as  in  Fig.  210)  10  ohms 
and  100  ohms  respectively,  and  B  be  15  ohms,  D  will  be 
15  X  100  -V-  10  =  150  ohms. 
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414.  Reaistance  Coils. — Wires  ot  ataiiilard  resisl;- 
aiice  are  now  sold  by  iiiatrumeut-makurs  under  tlie 
name  of  Resistance  Coile.  7h.ey  consist  of  coils  of  some 
alloy,  German-silver,  platiiium-ailver,  or  platinoid  (see 
Art.  404),  wound  with 
great  care,  and  adjusted 
to  such  a  length  as  to 
have  resifitancea  of  a  de-  | 
finite  number  of  ohi 
In  order  to  avoid  si 
induction,  and  the  & 
sequent  sparks  (see  .\ 
458)  at  the  opening 
closing  of  the  circuit, 
they  are  wound  in  the  peculi 
indicated  in   Fig.  214,  each 


paraSined-cotton)  being  doubled 
coiled  up.    Each 


piece,  as  coil  1  to  A  and  B,  coil  2  to  B  and  C ;  the  brass 
pieces  being  themselves  fixed  to  a  block  of  ebonite  (form- 
ing the  top  of  the  "resistance-box"),  with  sufficient  room 
between  them  to  admit  of  the  imiertion  of  stout  well- 
fitting  plugs  of  brass.  Fig.  215  shows  a  complete  reaiat- 
ance-hox,  ae  fitted  up  for  electrical  testing,  witli  the  plugs 
ID  their  places.     So  long  as  the  plitgs  remain  in,  the 
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current  flows  through  the  solid  brass  pieces  and  plugs 
without  encountering  any  serious  resistance;  but  when 
any  plug  is  removed,  the  current  can  only  pass  from  the 
one  brass  piece  to  the  other  by  traversing  the  coil  thus 
thrown  into  circuit.  The  series  of  coils  chosen  is  usually 
of  the  following  numbers  of  ohms*  resistance  —  1,  2, 
2,  5;  10,  20,  20,  50;  100,  200,  200,  500;  ...  up  to 
10,000  ohms.  By  pulling  out  one  plug  any  one  of  these 
can  be  thrown  into  the  circuit,  and  any  desired  whole 


Fig.  216. 

number,  up  to  20,000,  can  be  made  up  by  pulling  out 
more  plugs;  thus  a  resistance  of  263  ohms  will  be  made 
up  as  200  -}-50-fl0  +  2+l  by  unplugging  those  five 
coils. 

It  is  usual  to  construct  Wheatstone's  bridges  with  some 
balancing  resistance  coils  in  the  arms  A  and  C,  as  well  as 
with  a  complete  set  in  the  arm  B.  The  advantage  of  this 
arrangement  is  that  by  adjusting  A  and  C  we  determine 
the  proportionality  between  B  and  D,  and  can,  in  certain 
cases,  measure  to  fractions  of  an  ohm.     Fig.  216  shows  a 
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Mxample.^Suiipoae  we  Lad  n  wire,  wlioso  resititaiice  we 
knew  to  be  between  46  and  47  ehmB.  a.tid  wished  to 
measure  the  Iractioa  ot  an  ohm,  we  should  insert  it  at  D, 
and  make  A  100  ohms  and  C  10  ohms ;  in  that  <»se  D 
would  he  halaoced  by  a  resistance  in  B  10  times  as  great 
as  the  wire  D.  If,  on  trial,  this  be  found  to  he  464  ohms, 
we  know  that  D-4li4  x  10-r  100  =  4ti-4  ohius. 

415.  Other  Patterns  of  Btidge.  —  In  practice  the 
bridge  is  seldom  or  never  made  in  the  lozenge-sliape  of 
the  diagTEiiiiB. 

Poal-OJice  Bridge.  —  The  resiistance-hos  of  Fig.  215  is, 
in  itseli,  a  complete  "bridge"  of  the  post-oifice  pattern, 
tha  appropriate  connexions  being  made  by  screws  at 
Tarioiui  points.  In  using  the  bridge  the  battery  circuit 
should  always  be  completed  by  depressing  the  key  K, 
before  the  key  K,  of  the  galvanometer  cii-enit  is  depressed, 
in  order  to  avoid  the  sudden  violent  "throw"  of  the 
galvanometer  needle,  which  occurs  on  closing  circuit  in 
consequence  of  self-induction  (Art.  458). 

Dial  Bridge.  —  To  avoid  errors  arising  from  the  differ- 
ent numbers  of  plugs  in  use,  the  coils  of  a  bridge  are 
sometimes  arranged  in  dials  — the  units  in  one,  the  tens 
of  ohms  in  another,  and  so  forth — each  dial  having  but 
one  plug,  or  a  movable  arm  like  Fig.  206. 

Metre  Bridge.  —  This  is  a  aimple  form  very  useful  for 
measuring  resistances  not  exceeding  a  few  hundred  ohms. 
Upon  a  long  board  is  stretched  over  a  scale  one  metre 
long  a  uniform  thin  wire  of  German-silver  or  other  alloy, 
ita  ends  being  joined  to  stoat  pieces  of  copper.  A,  B,  C, 
and  D  are  four  resistances  joined  as  shown  by  stout  strips 
of  copper,  When  the  wire  from  the  galvanometer  is  slid 
along  the  wire  to  such  a  point  that  there  is  Jio  current,  it 
follows  that 

A  +  a:B  +  b  =  C:B. 
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Foster's  method  of  measuriug  small  differencfs  afniUt- 
ance  ia  to  get  balance  at  a  certain  jujiiit  aloug  the  wire, 
then  interchaDge  A  and  B,  and  again  get  balance  at 
another  point.    The  reaistauce  of  the  piece  of  wire  be- 


fe 


tweeti  the  two  points  will  then  be  equal  to  tlie  differeni 
of  the  resistances  A  and  B. 

In  a  simpler  way  of  using  the  bridge,  A  and  R  ai 
replaced  Ijj'  (itrips  of  no  appreciahlu  resietance,  so  that 

a:i::C:D. 


If  D  ia  the  uliknown 

ance,  the  ralio  of  the  lengths  a  aud  6  at  once  euabjes  the 

unknown  resistance  to  be  calculated. 

For  further  details  of  bridge  methods  consult  Gray's 
Abadnte  Measuremenls  in  Electricity  and  Magnetism, 
Eenipe's  Electrical  Measurement,  or  Ayrton's 
Practical  Electricili/. 

41S.  Measurement  of  Electromotive-Force.  —  There 
being  mo  easy  absolute  method  of  measuring  electromo- 
tive-forces, tliey  are  usually  moaaured  relatii-ebj,  by  com- 
parison with  the  electro  til  otive-foi'ce  of  a  standard  cell, 
such  as  Clark's  (Art.  188) .  The  methods  of  comparison 
are  various;  only  five  are  bere  mentioned. 

(a)  Reduced  Dtjlexion  Method. —  CuM  E  the  electro- 
motive-force of  the  battery  to  be  measured,  and  E'  that  of 
a  standard  battery.  Join  E  with  a  galvanorneter,  and  let 
it  produce  a  deflexion  of  Sj  degrees  through  the  resist- 
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anoes  of  tlie  circuit;  then  add  enough  resistance  r  to 
bring  down  the  defiexioa  to  S^  degrees  —  b&j  10  degrees 
less  than  before,  Now  substitute  the  standard  battery  in 
the  circuit  and  adjust  the  resiatancea  till  the  deflexion  is 
8,  as  before,  and  then  add  enough  resistance  r*  to  bring 
down  the  deflexiou  to  Sg.    Then 

r';r  =  E':E, 

since  the  resistances  that  will  reduce  the  strength  of  the 
current  equally  will  be  proportional  to  the  electroraotive- 
lorces.     (Not  rerom mended.) 

(fi)  Palenli'imeier  Metlioil.  —  If  the  poles  of  a  standard 
battery  are  joined  by  a  long  thin  wire,  the  potential  will 
fall  uniforndy  from  the  +  to  the  —  pole.      Hence,  by 


Fig.  an. 


making  contacts  at  one  jiole  and  at  a  point  any  desired 
distance  along  the  wire,  any  desii'ed  jiroportioual  part  of 
the  whole  electroinotive-foroe  can  be  taken.  This  pro- 
portional part  maybe  balanced  against tlie  electromotive- 
force  of  any  other  battery  itii  follows :  —  Let  a  uniform, 
thin  wire  of  platinoid  or  Ge  a  il  lie  tretched  over 
a  scale  divided  iuto  say  3000  p  ts  L  nect  a  Clark 
standard  cell  C  through  a  sen  t  gal  anoraeter,  as 
shown  in  Fig.  SLS,  to  make  ntact  at  th  1434  division 
of  the  scale.      Then  conn    t  a         gl  unutator  cell 

B,  or  two  Daiiiell's,  or  a  (  e  11  w  th  a  sliding 
contact,  and  move  it  up  ai  d  d     n  u  1 1  a  point  is  found 


ELEC'ITtlCITY   AND   MAGNETISM 


Ruch  that  the  giilvano meter  shows  tlmt  the  Ctiirk  cell 
is  balanced.  Then  connect  the  cell  X  whose  JD.M.F.  ia 
to  be  meaaured,  and  glide  its  contact  along  the  wire 
until  it  also  is  lialaticed.  Suppose  it  balances  at  1024 
of  the  scale,  ita  E.M.F.  wiU  be  1'024.  A  single  galvan- 
ometer will  suffice  if  the  wire  to  X  ia  joined  in  between 
G  and  the  Clark  cell. 

(c)  Vollmeter  Method.  —  If  a  galvanometer  be  con- 
structed HO  that  the  resistance  of  its  coils  is  several 
thousand  ohma  (in  oonipariaon  with  which  the  internal 
resistance  of  a  battery  or  dynamo  machine  is  insigniii- 
cant),  it  will  serve  to  measure  electromotive-forces;  for 
the  strength  of  current  through  it  will  depend  only  on 
the  eleotroraotive-force  betweea  the  ends  of  the  coil. 
(See  Art,  330  on  Voltmeters.) 

(rf)  Condenser  Melhixl.  —  A  condenser  of  known 
capacity  ia  charged  from  a  standard  ceU,  and  then  dis- 
charged through  a  ballistic  galvanometer  (Art. '319). 
The  cell  to  be  compared  ia  then  substituted  for  the 
standard  cell.  The  E.M.F.  is  proportional  to  the  throw 
of  the  galvanometer. 

(e)  Electrometer  Methml.  —  The  electromotive-force 
of  a  battery  may  be  meaaured  directly  as  a  difference  of 
potentials  by  a  quadrant  electrometer.  In  this  case  the 
circuit  is  never  closed,  and  no  current  flows. 

417.  Measurement  of  Internal  Kesiatance  of  Cells. — 
This  may  be  done  in  several  waya. 

(a)  Condenser  Method.  —  As  in  {d)  of  preceding 
Article,  observe  throw  of  galvanometer  from  eondeuaer 
charged  by  the  cell.  Then  shunt  the  cell  with  a,  suitably 
high  resistance  R  and  take  another  charge  and  discharge. 
If  the  two  throws  are  called  rf,  and  r/o,  the  internal  resist- 
ance will  be  =  R(ti|  -  d,)/rf,. 

(6)  Half-'kflexum  Method. —  VXatx  the  cell  in  series 
with  a  gatv  alio  meter  the  resistance  of  which  is  G,  and  a 
resistance-box  in  which  there  is  unplugged  a  resistance  R 
such  that  the  deflexion  is  conveniently  large.       Now  in- 
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crease  the  resistance  in  the  box  until  it  is  seen  by  the 
deflexion  that  the  current  lias  been  rednced  to  half 
wbat  it  was.  If  this  added  resistance  ia  called  a,  then 
by  Ohm's  laiT  it  follows  that  the  internal  resistance  is 
=  a  —  (E  +  G).  This  method  is  suitable  for  very  high 
internal  resistances. 

(c)  Method  of  Opposition.  —  Take  two  similar  cells 
and  join  them  in  opposition  to  one  another,  so  that  they 
send  no  current  of  their  own.  Then  measure  their 
united  resistance  just  as  the  resistance  o£  a  wire  is 
meaaured.  The  resistance  of  one  cell  will  be  half  that 
of  the  two. 

(rf)  MiMce's  Wefiod.  — Place  the  ceU  itself  in  one 
arm  o£  the  Wheatstone's  bridge,  and  put  a  l^ey  where 
the  battery  usually  is,  adjust  the  resistances  till  the 
permanent  galvanometer  deflexion  is  the  same  whether 
the  key  be  depressed  or  not.  When  this  condition 
of  things  is  attained  the  battery  resistance  is  balanced 
by  those  of  the  other  three  arms.  (^Nnl  a  reliable 
method.) 

(e)  Alternate  Current  Method. — If  greater  accuracy  is 
required  in  the  opposition  method,  the  cells  in  opposition 
may  be  placed  in  one  of  the  arms  of  a.  VVheatstone's  bi-idge 
in  which  instead  of  the  usual  battery  is  inserted  the  sec~ 
ondarycoil  of  a  small  induction  coil  (without  condenser), 
and  with  which  a  telephone  receiver  is  used  instead 
of  a  galvanometer.  The  ceasing  of  the  buzzing  in  tlie 
telephone  corresponds  to  nul  deflexion.  By  this  means 
we  avoid  the  disturbance  of  the  balance  of  tlie  opposing 
cells  wliich  occurs  if  continuons  currents  are  used.  This 
method  is  also  excellent  for  measuring  resistances  of 
liquids. 

418.  Measurement  of  Capacity. — The  capacity  of  a 
condenser  may  be  measured  by  comparing  it  with  the 
capacity  of  a  standard  condenser^  such  as  the  )  micro- 
farad condenser   (Fig.   151)) — in  one  of   the   foilowbig 
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(a)  Electrometer  Method.  —  Charge  the  condenser  of 
unknown  capacity  to  a  certain  potential;  then  make  it 
share  its  charge  with  the  condenser  of  known  capacity, 
and  measure  the  potential  to  which  the  charge  sinks; 
then  calculate  the  original  capacity,  which  will  bear  the 
same  ratio  to  the  joint  capacity  of  the  two  as  the  final 
potential  bears  to  the  original  potential. 

(h)  Ballistic  Galvanometer  Method,  —  Charge  each  con- 
denser to  equal  differences  of  potential  from  the  same  cell 
or  battery,  and  then  discharge  each  successively  through 
a  ballistic  galvanometer  (Art.  188).  The  throw  of  the 
needle  will  be  proportional  in  each  case  to  the  charge, 
and  therefore  to  the  capacity. 

The  law  of  the  ballistic  galvanometer  is :  — 

KV  =  Q  =  5x?^8inia, 

where  Q  is  the  quantity  of  electricity  (in  C.G.S.  units),  H  the 
magnetic  field,  by  the  constant  of  the  galvanometer,  T  the 
period  of  one  complete  swing  of  the  needle,  and  a  the  angle 
of  first  swing.  The  factor  H/G  may  be  eliminated  by  passing  a 
steady  current  C  to  produce  a  steady  deflexion  /3 ;  when 

C  =  5tan/5. 
G 

Combining  this  with  the  preceding,  we  have 

CTsin^g 
^~    IT  tan/3 

If  a  and  /3  arc  both  small  this  becomes 

Q  =  CTa/2ir/3. 

If  C  is  in  amperes,  Q  will  be  in  coulombs. 

(c)  Bridge  Method.  —  Connect  the  two  condensers  K, 
and  Kg  in  two  arms  of  a  Wheatstone's  bridge  and  adjust 
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the  resistances  so  tbat  there  is  no  deflexion  on  chaise  or 
discharge  (Fig.  219).  Then  K^-.K^::  r^'.T^,  the  larger 
capacity  acting  as  a  smaller  resistance. 

(d)  Polenliat-divuler  n«i  Method.  —  Two  resiatances  r, 
and  Tj  are  joined  in  series  to  the  +  and  —  poles  of  a 
battery.  The  middle  ]wint  between  r,  and  Tj  is  connected 
to  one  ol  the  termiuals  of  K,  and  also  of  K,.    The  free 


terminals  of  K,  and  K,  are  nionieiitarily  joined  to  the  + 
and  —  poles  of  the  battery  i'eBi>ectiTely  and  receive  charges 
of  opposite  sign.  They  are  then  connected;  and  if  of 
equal  amountthe  chaises  will  neutralize  each  other.  The 
resistances  r,  and  r^  are  adjusted  until  this  condition  is 
satisfied,  as  shown  by  niil  deflexion  when  the  key  of  a 
galvanonietBr  circuit  across  their  teriniiials  is  depressed- 
Then  K, :  K^ ::  r^ : .-,. 

(e)  Tuning-fork  Melltod —  A  tuning-fork  acting  as  a 
vibrating  two-way  switch  charges  and  discharges  the  con- 
denser n  times  per  second,  allowing  to  pass  VKn  coulombs 
per  second  or  VKn  amperes.  The  apparent  resistance  r 
of  this  combination  is  1/Kii,  and  can  be  measured  by  a 
Wheatatone  bridge,  whence  K  =  1/rir. 

(/)  Loss  of  CkuT'je  Melko'l.  —  This  is  the  same  as  the 
last  method  in  Art.  411e,  a  known  high  resistance  being 
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Lesson  XXXV.—  Thermo-Electric  Currenli 


419.  Seebeck  Effect.  —  In  1822  Seebeck  discoyered 
that  a  current  may  be  produced  in  a,  closed  circuit  by 
heating  a  point  of  contact  of  two  dissimilar  inetsls.  If 
a  piece  o£  bismuth  and  a  piece  of  antimony  be  soldered 
topther,  and  their  free  ends  connected  with  &  tthort-coil 
galvanometer,  it  is  found  that  if  the  junction  be  warmed 
to  a  temperature  higher  than  that  of  the  rest  of  the  cir- 
cuit, a  current  flows  in  the  direction  from  hjsmnth  to 
antimony  across  the  heated  point;  the  current  being  pro- 
portionid  to  the  excess  oC  temperature.  If  the  junction 
ia  cooled  below  the  temperature  of  the  rest  of  the  circuit 
a  current  in  the  opposite  direction  is  observed.  The 
electromotive-force  thus  set  up  will  maintain  the  current 
BO  long  SH  the  excew  of  temperature  of  the  heated  point 
ia  kept  up;  heat  being  all  the  while  absorbed  in  order  to 
maintain  tlie  energy  of  the  current.  Such  currents  are 
called  Thermoelectric  currents,  and  the  electroniotive- 
fuiue  producing  them  is  known  as  Tkemio-eUciTomotive- 
force. 

420.  Peltier  Effect.  —  In  1834  Peltier  discovered 
a  phenomenon  which  is  the  converse  of  that  discovered 
by  Seebeck.  He  found  that  if  a  current  of  electricity 
from  a  battery  be  passed  through  a  junction  of  diasirnilar 
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metals  the  junction  is  either  heated  or  cooled,  according 
to  the  direction  of  the  current.  Thus  a  current  whic^ 
passes  through  a  bismuth-antimonv  pair  in  the  direction 
from  bismuth  to  antimonT  absorbs  heat  in  passing  the 
junction  of  th^e  metals,  and  cools  it;  whereas,  if  the 
current  flow  from  antimony  to  bismuth  across  the  junc- 
tion it  erolres  heat,  and  the  junction  rises  in  tempera- 
ture. It  is  clear  that  if  bismuth  is  positive  with  respect 
to  antimony,  anr  curreut  that  mav  l>e  caused  to  flow 
from  bismuth  to  antimonr  is  aided  br  the  electromotive- 
force  at  that  junction :  whilst  an  v  current  flowing  from 
antimony  to  bismuth  will  meet  with  an  opposing  electro- 
motire-fnee.    In  the  latter  case  the  current  will  do  work 

B     m^  A  •^^m      B 
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and  heat  the  junction ;  in  the  former  the  current  will 
receive  euergj'  at  the  expense  of  the  junction,  which  will 
give  up  heat.  In  Fi;;:.  22(».  the  feathert^d  arrows  at  the 
junctions  represent  the  Peltier  electromotive-fcHtjes.  and 
the  plain  arrows  the  direction  of  the  current. 

This  phenomenon  of  heating  (or  cooling)  by  a  current. 
where  it  crosses  the  junction  of  trwo  dissimilar  metals 
(known  as  the  •*  Peltier  effect,"  to  dLsting^uish  it  from  the 
ordinary  heating  of  a  circuit  where  it  offers  a  resistance 
to  the  current,  which  is  sometimes  called  the  ^Joulf 
effect "),  is  utterly  different  from  the  evolutir»n  c»f  ht-ai 
in  a  conductor  of  higli  resistance,  for  (a)  the  Peltier  effect 
is  recersibU;  the  current  heating  or  cooling  the  junction 
according  to  its  direction,  whereas  a  current  meeting  with 
resistance  in  a  thin  wire  heats  it  in  whicLever  directicai 
it  flows;  and  (b)  the  amount  of  heat  e  vol  veil  or  al»>orlied 
in  the  Peltier  effect  is  profK^rtional  simply  to  the  current, 
not  to  the  square  of  the  current  as  the  beat  of  resist- 
ance is. 
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The  complete  law  of  the  heat  developed  in  a.  circuit 
will  therefore  require  to  take  into  account  any  Peltier 
effects  which  may  exist  at  metal  junotioTis  in  the  circuit. 
If  the  letter  P  stand  for  the  difference  of  potential  due 
to  the  heating  of  tlie  junction,  expresused  as  a,  fraction  of 
a  volt,  then  the  complete  luw  of  heiit  is 

U  =  0'24x  (C«R(±PCO> 


vhicl  tl  e  student  should  compare  with  Joule's  law  in 
\  t  4  The  quantity  called  P  is  also  kMi>wn  as  Uie 
coeffice  t  of  lite  Peltier  effect;  it  has  different  values  for 
d  fferent  p-t  rs  of  metals,  and  is  numerically  equal  to  the 
nun  ber  of  Tgn  of  work  which  are  evolved  as  heat  at  a 
junct  on  of  the  particular  metals  hy  the  passage  of  one 
absol  te        it   (10   coulombs)   of   electricity  through  the 

421  Thermo-electric  Laws.  —  The  thermo-electric 
properties  of  a  circuit  are  liest  studied  by  reference  to 
the  simple  circuit 
of  Fig.  221,  which 
represents  a  bis- 
muth -  antimony 
pair  uiiilcil   by  a 

all   jiartw    of    the 


a  at  o 


fuT 


tl      pI  there  may 
b      at    the    junc- 
'  '*  ""  t  0115     electromo- 

tive-foroes  as  suggested  abo  e  there  will  be  o  ciiirent, 
since  the  electromoti  e  fo  e.  a  n  eq  1 1  nni.  But 
when  a  junction  is  1  ated  this  eq  lib  un  o  longer 
exists,  and  there  will  1  e  a  ultant  elect  o  notive-forcB. 
It  is  found  to  obey  the  follow  ng  laws  — 
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(i.)  The  themKhelectromotive-force  is,  for  the  same  pair 
of  metals  J  proportional  (through  limited  ranges  of 
temperature)  to  the  excess  of  temperature  of  the 
junction  over  the  rest  of  the  circuit. 

(ii.)  The  total  thermo-electromotive-force  in  a  circuit  is  the 
algebraic  sum  of  all  the  separate  thermo-electroniotive' 
forces  in  the  various  parts. 

It  follows  from  this  law  that  the  various  metals  can  be 
arranged,  as  Seebeck  found,  in  a  series,  according  to  their 
thermo-electric  power,  each  one  in  the  series  being  thermo- 
electrically  positive  (as  bismuth  is  to  antimony)  toward 
one  lower  down. 

422 .  Thermo-electric  Power.  —  In  the  following  table 
is  shown  the  thermo-electric  series  of  metals,  together  with 
the  thermo-electric  power  of  each  when  cold.  The  term 
thermo-electric  poicer  of  a  metal  means  the  electromotive- 
force  per  degree  (centig.)  for  a  pair  made  of  that  metal 
with  the  standard  metal  (lead).  In  the  table  the  numbers 
are  microvolts  per  degree. 


+  Bismuth 

89  to  97 

Nickel 

22 

Grerman-silver 

11-75 

Lead  . 

0 

Platinum 

-  0-9 

Copper 

—  1-36 

Zinc   . 

.      -  2-3 

Iron    . 

-17-5 

—  Antimony  . 

—  22-6  to  - 

Tellurium  . 

502 

Selenium   . 

800 

26-4 


A  very  small  amount  of  impurity  may  make  a  great 
difference  in  the  thermo-electric  power  of  a  metal,  and 
some  alloys,  and  some  of  the  metallic  sulphides,  as  galena, 
exhibit  extreme  thermo-electric  power. 

The  electromotive-forces  due  to  heating  single  pairs 
of  metals  are  very  small  indeed.  If  the  junction  of  a 
copper-iron  pair  be  raised  1°  C.  above  the  rest  of  the 
circuit  its  electromotive-force  is  only  15-14  microvolts. 
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That  of  the  more  powerful  bismutli-aiitirnony  pair  ia 
for  1"  C,  about  117  niicrovolta.  The rmo-eleo trie  power 
vai'iea,  however,  with  temperature :  for  example,  that  of 
iron  is  really  -  17-5  +  0'04()(  (where  (  is  tte  mean  tem- 
perature of  the  two  jiinctioiiB),  iron  becoming  leas  nega- 
tive when  hot.  Copper  is  —  h'M  —  0-01(,  becoming  more 
negative.  There  will  ba  obviously  one  particular  tem- 
perature or  neutral  point,  at  which  their  powers  will  be 

423,  Thermo-electiic  Inversion.  —  Ciimiiiing  discov- 
ered that  in  the  case  of  iron  and  other  metals  an 
iuveraiou  of  their  thermo-electric  properties  may  take 
place  at  a  high  temperature.  In  the  case  of  the  copper- 
iron  pair  the  temperature  of  275°  is  a  neutral  point; 
below  that  temperature  the  current  flows  through  the 
hotter  junction  froui  the  copper  to  the  iron ;  but  when 
the  circuit  is  above  that  tem^ierature  iron  is  thermo- 
electricalty  positive  to  copper.  The  neutral  point  for  a 
zinc-iron  pair  ia  about  200".  The  inversion  is  easily 
shown  by  heating  the  junction  of  two  long  strips  of  these 

metals,  riveted  together  in  a 
V-fonn,  and  watching  the  effect 
on  a  galvanometer  connected  to 
their  other  en  da.  There  will 
at  first  be  a  deflexion  which 
will  go  on  increasing  until  the 
temperature  of  200°  is  attained, 
hut  on  further  heating  the  junc- 
tiou  the  deflexion  dirainiaheB  and 
"*■"*■  at  about  400°  reverses,  the  cur- 

rent flowing  the  other  way.  Fig.  222  shows  graphically 
the  curves  obtained  with  iron-zinc  and  iron-copper  pairs 
when  one  junction  ia  kept  at  0°  while  the  other  is  heated. 
Tlie  dotted  line  is  for  the  irou-zinc  pair  when  one  junction 
is  kept  at  5()°  and  the  other  heated. 

424.  Thermo-electric  Diagram.  —  The  facts  of 
thermo-electricity    are    best   studied    by   means    of    the 
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^  diagrams  suggested  by  Lord  KbItiii  and  constructed  by 
I  Professor  Tait,  In  that  given  in  Fig.  223  Hie  hoiizontal 
'  divisious  represent  the  teniperatures ;  the  vertical  dis- 
.tancea  indicating  the  thermo-electric  power,  in  microvolts 
per  degree.  These  powers  are  measured  with  respect  to 
the  metal  lead,  which  is  taken  as  the  staudaid  of  zero  at 
aU  teinperatiii'es,  because,  wliile  with  othei'  metals  there 


appears  to  be  a  difference  of  potentials  between  the  metal 
hot  and  the  same  metal  cold,  hot  lead  brought  into  ciintact 
with  cold  lead  shows  no  perceptible  the nnu-elec trie  differ' 

An  example  will  illustrate  th^  UEefulness  of  the  dia. 
gram.  Let  a  circuit  be  made  by  uniting  at  both  ends  a 
piece  of  iron  and  a  piece  of  copper;  and  let  thfi  two 
■  itictiona  be  kept  at  0°  and  100°  respectively  by  melting 
iC  and  boiling  water.  Then  the  total  electromotive-force 
round  the  circuit  ia  represented  by  the  area  a,  0,  —  lo,  6. 


^B  the 
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The  slupe  of  the  lines  for  the  various  metals  represents 
the  property  referred  to  ahove,  of  an  electroniotive-force 
between  differentlj-lieated  portions  of  the  same  metal 
accompanied  by  an  absorptioa  or  evolution  of  beat  when 
the  cuiTent  flows  from  a  hotter  to  a  colder  portion  of  the 
same  metal.  This  effect,  known  aa  the  Thomson  effect 
from  its  discoverer  Sir  W.  Thomson  (Lord  Kelvin),  is 
opposite  in  iron  to  what  it  is  in  copper  or  zinc.  Copper 
when  hot  is  negative  compared  with  copper  tliat  is  cold. 
Hence  if  a  current  is  sent  from  a  hot  to  a  cold  part  of  a 
pieoe  of  copper  it  encounters  an  opposbig  electro  motive- 
force.  Uence  when  a  current  of  electricity  flows  from  a 
hot  to  a  cold  point  in  copper  it  evolves  heat;  and  it 
absorbs  heat  when  it  flows  from  a  cold  point  to  a  hot 
point  in  the  copper.  In  iron  a  current  flowing  from  a 
hot  point  to-  a  cold  point  absorbs  heat. 

The  tliermo-electromotive-force  of  a  pair,  of  which 
the  juiietioiis  are  at  temperatures  T  and  (  respectively, 
and  of  which  n  is  the  temperature  of  the  neutral  poiot, 
may  be  conveniently  expressed  by  the  following  formula: — 

where  p  is  the  volts  per  degree  (at  0°)  as  given  i»  the 
table  (Art.  423). 

425.  Thermo-electric  Piles,  —  The  electroraotiva- 
foroe  of  a  bismuth-antimony  pair,  when  the  junctions  are 
kept  at  0°  and  100°,  is  only  0-0115  volt  In  order  to 
increase  the  electiximotive-force  of  thermo-electric  pairs 
it  ia  usual  to  join  a  iiurnber  of  pairs  of  metals  (preferably 
bismuth  and  antiiviony)  in  series,  but  so  bent  that  the 
alternale  junctions  cau,be  heateil  as  shown  in  Fig.  321  at 
BBB,  whilst  the  other  set  AAA  are  kept  cool.  Th« 
various  electromotive-forces  then  all  act  in  the  same 
direction,  and  the  current  is  increased  in  proportion  to 
uinber  of  pairs  of  junctions.  Powerful  thermo- 
electric batteries  have  been  made  by  Clamond — au  iron- 
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ana  battery  of  120  pairs  affordiog  a  strong  current; 
but  it  is  extremely  difficult  to  maintain  them  in  effective 
action  for  long,  as  they  fail  after  continued  use,  probably 
'  owing  to  a.  permanent  molecular  change  at  the  junctions. 
In  the  hands  of  Melloni  the  thermoelectric  pile  or  ther- 
mopile, constructed  of  many  small  pairs  of  antimony 
and  bismuth  united  in  a  compact  form,  proved  an  ex- 
cellent electrical  thermometer  when  used  in  conjunction 
with  a  sensitive  short^;oil  aMtatie  galvanometer.     For  the 


detection  of  exce.wively  small  diffei'ences  of  temperature 
the  thermopile  is  an  invaluable  iustruuieut,  the  cui'rents 
being  proportional  to  the  difference  of  temperature 
between  the  hotter  set  of  jmictioiis  on  one  face  of  the 
thermopile  and  the  cooler  set  on  the  other  face.  The 
arrangement  of  a  thermopile  with  the  old  astatic  galvaa- 
omeler  is  shown  in  Fig.  225. 

A  still  more  sensitive  arrangement  for  detecting 
minute  heating  due  to  radiation  consists  in  suspending 
between  the  poles  of  a  powerful  magnet  a  closed  circuit 
baving  a  bismuth-antimony  junctioa  in  it.  Sturgeoa 
2f 
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I     a    Ihei-iuo  -  gal  variometer    on    tliis    plan    iii 

IB  radio-micronieter  of  ^'enion  Boys  {18Sn)  a  loop 
suspended  by  a  delicate  (|iiart«  fibre  between  the 


poles  of  a,  magnet  (like  tlie  coM  in  Fig.  136)  has  its  circuit 
closed  at  its  lower  end  by  a  piece  of  antimony  aJid.  a 
piece  of  bismuth  (or  alloys  of  these  nictalit)  soldered  to  ft 
niiiiute  disk  uf  copper  foil.  A  rise,  of  1i-in]>erature  of  the 
coppei'  foil  even  90  small  as  one  milliontli  of  a  tlegreowill 
generate  a  current  in  the  loop  and  give  a  deflexion  OTer 
one  division  of  the  scale.  With  an  instniment  of  this 
kind  the  radiant  heat  of  a  candle  can  be  detected  at  a 
distance  of  two  miles. 


CHAPTER  VIII 

HEAT,    POWER,    AND    LIGHT,    FROM    ELECTRIC    CURRENTS 

Le880N  XXXVI.  —  Heating  Effects  of  Currents 

426.  Heat  and  Resistance.  —  A  current  may  do 
work  of  various  kinds,  chemical,  magnetic,  mechanical, 
and  thermal.  In  every  case  where  a  current  does  work 
that  work  is  done  by  tlie  expenditure  of  part  of  the 
energy  of  the  current.  We  have  seen  that,  by  the  law  of 
Ohm,  the  current  produced  by  a  given  battery  is  dimin- 
ished in  strength  by  anything  that  increases  the  external 
resistance.  But  the  current  may  be  diminished,  in 
certain  cases,  by  anotlier  cause,  namely,  the  setting  up 
of  an  opposing  electromotive-force  at  some  point  of  the 
circuit.  Thus,  in  passing  a  current  through  an  electro- 
lytic cell  (Art.  2.*57)  there  is  a  diminution  due  to  the 
opposing  electromotive-force  ("  polarization  *')  which  is 
generated  while  the  chemical  work  is  being  done.  80, 
again,  when  a  current  is  used  to  drive  an  electric  motor 
(Art.  443),  the  rotation  of  the  motor  will  itself  generate 
a  back  E.M.F.,  which  will  diminish  the  current.  What- 
ever current  is,  liowever,  not  expended  in  tliifj  way  in 
external  work  is  frittered  down  into  heat,  either  in  tlie 
battery  or  in  some  part  of  tlie  circuit,  or  in  both.  SufifKise 
a  quantity  of  electricity  to  Ikj  set  flowing  round  a  cl(ise<l 
circuit.  If  there  were  no  resiHtance  U)  stop  it  it  would 
circulate  for  ever;  juitt  as  a  waggon  set  rolling  along  a 
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circular  railway  should  go  round  for  ever  if  it  were  not 
stopped  by  friction.  When  matter  in  motion  is  Stopped 
by  friction  the  energy  of  its  motion  is  frittered  down  by 
the  friction  into  heat.  When  electricity  in  motion  is 
stopped  by  resistance  the  energy  of  its  flow  is  frittered 
down  by  the  resiatance  into  heat.  Heat,  in  fact,  appears 
wherever  the  circuit  offere  a,  renistance  to  the  cnrrent. 
If  the  teiminals  of  a  battery  be  joined  by  a  short  thick 
wire  of  small  resistance,  most  of  the  heat  will  be  de- 
veloped  in  the  battery  and  so  wasted;  whereas,  if  a  thin 
wire  of  relatively  considerable  resistance  be  interposed  in 
the  outer  circuit,  it  will  grow  hot,  while  the  battery  itself 
will  remain  comparatively  cool. 

427.  Laws  of  Development  of  Heat;  Joule's  Law. - 


To  investigate  the  developn 


of   heat   by  a  current, 

Joule  and  Lenz   used  in- 

strumecits  on  the  principle 

shown    in    Fig.   226,       A 

thin    wire    joined   to   two 

stout     nond actors     is    en- 

closmi  within  a  glass  vessel 

containing    alcohol,    into 

which  also  a  thermometer 

dips.     The    resistance    of 

the  wire  being  known,  ita 

ri^ation  to  the  other  reaist- 

ances   can    be   calculated. 

.loule  found  that  the  ntim- 

Klg.  SM.  ^r  of  mils  o/heat  developed 

in  a  conductor  is  proportional  — 

(L)     to  its  resistance ; 

(ii.)    to  the  square  of  the  strength  of  the  current ; 

and 
(iii.)  to  the  time  that  the  current  lasts. 
The  equation  expressing  these  relations  is  known  as 
Joule's  Law,  aud  is  — 

U  =  C'E(  X  024, 


J  where  C  is  the  current  in  amperes,  R  the  resistance  in 
I  ohms,  ( the  time  in  seconds,  and  U  "the  heat  in  calories ; 
a  calorie  being  the  amount  of  h&at  that  will  raise 
1  gramme  of  water  through  1°  C.  of  temperature 
(Art.  281). 

This  equation  is  equivalent  to  the  statement  that  a 
etirrent  of  one  ampere  Jtowing  through  a  resietance  of  ont 
ohm  developes  therein  0'24  calories  per  second.  The  proof 
of  this  rule  is  given  in  Art.  439.  The  heat  produced 
thus  by  the  degradation  of  energy  in  a  resistance  is 
Bometimes  called  the  "ohmic"  heat  to  distinguish  it 
from  the  reversible  Peltier  effect  (Art.  420). 

The  electric  unit  of  heat,  the  joule,  is  only  0-24  of  an 
ordinary  heat-unit  or  calorie,  aud  1  calorie  will  be  equal 
to  4-2  joules. 

The  second  of  the  above  laws,  that  the  heat  is,  cateris 
parihiit,  proportional  to  the  square  of  the  strength  of  the 
current,  often  puzzles  young  students,  who  expect  the 
heat  to  be  proportional  to  the  current  simply.  Such 
may  remember  that  the  consumption  of  zino  is,  cceteris 
parUiui,  also  proportional  to  the  siiuare  of  the  current ; 
for,  suppose  that  in  working  through  a  high  resistance 
(so  as  to  get  all  the  heat  develoi^ed  outside  the  battery) 
we  double  the  current  by  doubling  the  number  of  battery 
cells,  there  will  be  twice  a>s  much  zinc  consumed  as  before 
in  each  cell,  and  as  there  are  twice,  as  many  cells  as  at 
first  the  consmnption  of  zinc  is  four  limes  as  great  as 
before. 

428.  Pavie's  Experiments.  — Farre  made  a  series  of  must 
iniivrtant  cxiicrimentBuu  Hid  rHlnCionof  the  eiier;{y  iit  n  I'urrent 
to  the  beat  it  ilevelopiis.  tie  ascertninud  Ibnt  the  uumber  ot 
[  ealucies  evolved  wben  'dS  grammes  (1  equivalent)  of  zino  ace 
'  disiolved  in  dilute  gnlphuric  aold  (from  which  It  causes  hydro- 
gea  to  be  given  off)  is  18,(182.  Tliia  figure  was  arrived  at  b; 
conducting  tlie  aperation  in  a  vessel  placed  in  a  cavity  of  hit 
calorimeter,  an  instrutnent  resembliug  a  gigantic  tbennometer 
fllted  with  mercury,  the  expatiaion  uf  wbinb  was  proportional  to 
the  beat  Imparted  to  it.    When  a  Siuce'ii  cell  iras  introduced  Into 
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the  aame  iDstriuunnt,  the  BuIuCiun  of  the  Buue  luuouiit  of  zino 
was  observed  to  be  nccompanieil  by  the  evolution  of  18,671  calo- 
ries (t.a.  nn  amount  almost  Identical  with  Chat  obaerved  before), 
and  this  amount  was  the  same  whether  the  evolatlon  took  place 
in  the  battery-cell  when  the  circuit  was  closed  with  a  short  thick 
wire,  or  whether  it  took  place  in  a  long  thin  wire  placed  in  tha 
external  circuit.  He  then  arranged  5  Smee's  cells  in  series,  in 
cavities  of  the  (nlorlmeter,  and  sent  their  current  lonnd  a  small 
electric  motor.  The  amount  of  heat  evolved  during  the  solntion 
et33  grammes  of  zinc  WBH  then  observed  in  three  cases :  (i.)  when 
the  motor  was  at  rest ;  (ii.)  when  the  motor  was  running  round 
and  doing  no  work  beyond  ovenioming  the  friction  of  its  pivots  { 
(iii.)  when  the  motor  was  employed  in  doing  13,124,000  ({lamme- 
nentlmetres  ( =  13,874  X  Ufi  ergi)  of  work,  by  raising  a  weight 
by  n  cDi'd  ruuiiing  over  B  pulley.  The  amounts  of  heat  evolved 
in  tJie  ''iii'iiit  in  the  three  cases  were  respectively,  18,(i67,  IS,66T, 
and  14.^^4  i^aloriex.  In  tlie  last  case  the  work  done  accounts  for 
the  dinilniirioii  in  the  heat  wasted  in  the  circuit.  If  we  add  the 
heal^equivalent  of  the  work  done  to  the  beat  evolved  in  the 
latter  case,  we  ought  tu  get  tlie  same  value  as  before.  Dividing 
the  12,871  X  10*  BI-//S  of  work  by  Joule's  equivalent  (42  X  10>), 
we  get  as  the  heat-equivalent  of  the  work  done  It()6  calories. 
Now  18,374  +  axi  =  lB,flaO,  a  quantity  which  is  almost  idonticn.1 
with  that  o(  the  first  ohaervHtion,  and  cinite  within  the  limits  of 
unavoidable  experimental  error. 

429.  Eiseof  Temperature.  —  The  elevation  of  tem- 
perature ill  a  resisting  wire  depends  on  the  nature  of  the 
resistance.  A  very  short  length  of  a  very  Ihiii  wire  may 
resist  just  an  ranch  as  a  long  length  of  stout  wire.  Each 
will  cause  the  same  number  of  units  of  heat  to  be  evolved, 
but  in  tlie  former  case,  as  the  heat  is  spent  in  warming  a 
short  thin  wire  of  amaU  mass,  it  will  get  very  hot, 
whereas  in  the  latter  case  it  will  perhaps  only  warm  to 
an  imperceptible  degree  the  mass  of  the  long  tliick  wire, 
which,  uioivover,  lias  a  laq>;er  surface  to  get  rid  of  ite 
heat.  If  the  wire  weigh  u  grammes,  and  have  a  specific 
capacity  for  heat  s,  then  U  =  smS,  where  $  is  the  rise  of 
temperature  in  degrees  (Ceutigrade).  Hence  if  none  of 
the  heat  were  radiated  away 


=  0-24 


,  C"R/ 
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Since  the  resistance  of  metals  increases  as  they  rise  in 
temperature,  a  thin  wire  heated  by  the  current  will  refiist 
more,  and  grow  hotter  and  hobter  until  its  rate  of  loss  of 
heat  hy  conduction  and  radiation  into  the  surrounding  air 
equals  the  rate  at  which  heat  is  supplied  by  the  current. 

The  following  pretty  experiment  illuHtrates  the  laws 
of  heating.  The  current  from  a  tew  cells  ia  sent  through 
a.  chain  made  of  alternate  links  of  silver  aud  platinum 
wires.  The  platinum  links  glow  red-hot  while  the  silver 
links  remain  comparatively  cool.  The  explanation  is 
that  the  specific  resistance  of  platinum  is  about  six  times 
that  of  silver,  and  its  capfu^ity  for  heat  about  half   as 

[   great;   hence  the  rise  of  temperature  in  wires  of  equal 

I    thickness  traversed  by  the  same  current  is  roughly  twelve 

I    times  as  great  for  platinnm  as  for  silver. 

Thin   wires   heat   much  tnore  rapidly  than  thick,  Ihe 
St   of  temperalure   in   different   parli   of   the  same    wire 

'    (carrying  the  same  cuiTent)  woald  be,  for  different  thick- 
es,   inversely  proporlionitl   In   the  fourth  power   0/  Ike 
diantetem  if  they  had  equal  surfaces  for  radiation. 

Thus,  suppose  a  wire  at  any  point  to  become  reduced 
to  half  its  diameter,  the  cross-section  will  have  an  area 
^  as  great  as  in  the  thicker  part.  The  resistance  here 
will  be  4:  times  as  great,  aud  the  number  of  heat  units 
developed  will  be  4  times  as  great  as  in  an  equal  length 
of  the  thicker  wii'e.  But  4  times  the  amount  of  heat 
spent  on  1  the  amount  of  metal  would  warm  it  to  a 
degree  16  times  aa  gieat ;  aud  the  thin  wire  has  only  half 
as  much  surface  for  getting  rid  o£  heat.  But  the  hotter  a 
body  becomes  the  more  freely  does  it  radiate  heat  to 
things  around  it.  For  wires  of  given  material,  the  current 
needed  to  raise  them  to  an  equal  temperature  varies  as 
the  square  root  of  the  cube  of  the  diameter.  This  law 
ftjiplies  to  the  sisies  of  wires  used  as  safely-fuses  in  electric 
lighting.  These  are  pieces  of  tin  wire  interposed  in  the 
circuit  to  melt  if  by  any  chance  the  current  becomes  abnor- 
mally strong. 
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430.  Cardew'B  Voltmeter.  —  The  current  flowing 
through  a  long  thin  wire  of  platinum  when  it  is  made  to 
connect  two  points  on  a  circuit  will  measure 
the  potential  difference  between  these  two 
points.  Owing  to  its  becoming  warmed  it 
will  expand,  and  its  expansion  ma;  be  made 
to  luove  a  hand  over  a.  dial  graduated  to 
read  volts  (Fig.  227). 

431.  Electric  Cautery. — For  surgical  pur- 
poses a  thin  platinum  wire,  heated  red-hol 
by  a  current,  is  sometimes  used  instead  of  a 
knife,  as,  for  example,  in  the  operation  of 
amputating  the  tongue  for  cancer.  Platinum 
is  chosen  on  account  of  its  infuaibilitj,  but 
even  platinum  wires  are  fused  by  the  current 
if  too  atrong.  Carbon  aloue,  of  conductors, 
resists  fusion. 
\  432.  Blasting  by  Electricity.  —  In  con- 
j  sequence  of  these  heating  effects,  elec- 
tricity can  be  applied  in  blasting  and  miniug 
to  ignite  the  charges.  Stout  conducting 
y^  2Q^  wires  are  carried  from  an  appropriate 
battery  at  a  distance  to  a  special  faze,  in 
which  a  very  thin  platinum  wire  is  joined  in  the  circuit. 
This  wire  gets  hot  when  the  current  flows,  and  being 
laid  amidst  an  easily  combustible  substance  to  serve 
as  a  pi-irning,  ignites  this  and  sets  fire  to  the  charge 
of  gunpowder.  Torpedoes  can  thus  be  exploded 
beneath  the  watei',  and  at  any  desired  distance  from 
the  battery. 

433.  Electric  Welding. —  If  two  wires  or  rods  of 
metal  are  held  together  with  sufficient  force  while  a  very 
large  current  is  passed  through  them,  much  heat  is 
developed  at  tlie  junction,  so  that  they  soften  and  becoms 
welded  together.  The  processes  of  electric  welding  hava 
been  perfected  by  Elihu  Thomson,  who  has  utilized  for 
this  purpose  alter nate-curi'ent  transformers  (Art.  480}  to 
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produce  currents  of  many  hundred  amperes  at  a  pressure 
of  a  few  volts. 

A  aingiilar  efiect  is  noticed  when  two  iron  rods 
connected  to  the  polea  of  a  powerful  source  at  50  or 
more  volts  are  dipped  into  water.  The  rod  which  serves 
as  kathode  is  observed  to  be  covered  with  a  luminous 
layer,  and  it  presently  becomes  red-hot.  Guthrie,  who 
first  investigated  this  phenomenon  in  1S76,  ascribed  the 
heating  to  the  resistance  of  a  fihn  of  hydrogen.  Eecently 
it  has  been  made  the  basis  of  a  welding  method. 

434.  Electric  Cooking.  —  Since  public  supplies  of 
electricity  became  common,  electric  stoves,  ovens,  and 
heaters  for  cooking,  stewing,  etc.,  have  become  articles 
of  commerce.  The  heating  is  eSecled  by  passing  our- 
reuta  through  resistance  wires  embedded  iu  cement  or 
other  suitable  insulating  material. 

Lesson   XXXVII. —  Electric  energy:   its   Supply  and 
Measurement 

435.  Electric  Energy.  ^  A  1  t  t 
energy  froin  a  battery  o  dyn  t  m  th  pa  t 
of  the  circuit,  where  it  i  t  sf  d  back  t  w  k 
—  mechauical,  chemical,  th  1  k  ^  m  t 
inquire  into  this  electric  1  gy  d  t  th  t 
at  which  it  is  generated  o    t  a    f         d 

Pomer  is  the  rate  at  wh    h         g       be    g  d 

spent.    It  may  be  expressed        f    t-po     d    pe  d 

or  in  ei^  per  second.     Jan       W  tt  d  red       h    se 

capable  on  the  average  of  working  at  the  rate  of  550  foot- 
pounds per  second  (against  gravity).  As  1  foot  =  30-48 
centimetres,  and  the  force  of  1  lb.  (::=453'B  grammes  x  081) 
=  445,000  dynes  nearly,  it  follows  that  1  korse-potoer  is 
worth  7,4eu,0(l(l,00()  (or  740  x  W)  erg^  per  second. 

If  a  quantity  of  electricity  Q  is  moved  through  a 
difference  of  potential  V,  it  follows  from  the  definition 
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(Art.  263)  that  the  work  done  is  equal  to  QV.  If  this 
is  occurring  in  a  hattary  or  Jynamo,  QV  repreaeiita 
electrically  the  work  (chemical  or  mechanical)  done  on 
the  Hyatem,  or  the  eceryy  received  (electi'ically)  by  the 
Bystem.  Now,  suppose  this  operation  to  bavs  occupied 
time  (,  tha  rate  at  which  the  energy  is  being  imparted  to 
the  circuit  will  be  QV/(.  But  (Art.  162)  (i/i  =  U.  Ueiice 
the  power  given  to  the  circuit  is  equal  to  C  V. 

This  justifies  the  statement  that  Ike  pouer  of  an  electric 
current  to  perform  useful  work,  whether  in  lighting, 
heating,  or  producing  mechanical  actions,  is  proportion^ 
halh  to  Ike  strength  of  the  current,  and  to  ike  eleelrimotive- 
force  which  ilriaes  it.  In  other  words,  power  is  pro- 
portional to  both  amperes  and  volte  jointly.  Similarly 
the  power  of  a  steam  engine  is  proportional  not  only  to 
the  quantity  of  steam  it  uses,  but  also  to  the  pressure  at 
which  the  steain  is  supplied.  The  electric  unit  of  power 
will  then  be  the  power  of  a  current  of  1  ampere  driveu 
by  an  electric  pressure  of  1  volt.  This  unit  is  known 
as  1  vollrampere,  or  1  v-att. 

Since  1  volt  =  10"  absolute  units  of  E.M.F.  (Art.  354) 
and  1  ampere  =  lO-i  ahaohite  units  of  current  (Art.  354), 
it  follows  that  1  watt  =  IQ'  absolute  units  of  power  (i.e. 
10'  ergs  per  second).  But  1  horse-power  =  746  x  10' 
erga  per  second  (sea  above).     Hence  1  H.F.  =  748  watts. 

One  thousand  watts  is  called  1  kilowatc.  The  kilowatt 
is  therefore  approximately  1  j  H.P. 

To  tind  the  number  of  watts  of  power  supplied  by  any 
dynamo  or  battery,  multiply  the  number  of  amperes  of 
current  by  the  number  of  volts  at  which  the  current  is 
driven.  'J'lie  same  rule  serves  to  calculate  the  power 
electricilly  delivered  to  any  motor,  lanip,  accumulator, 
or  other  means  of  spending  electric  energy. 
Horse-power  =  C  x  V  -^  746. 

Example. ^Jt  a  current  of  20  amperes  is  supplied  to  a  big 
arc-lamp  at  a  pressure  at  Sfl  nottn,  find  tbo  amount  of 
power  absorbed  therein.    Aiu.  1120  icatls  or  ]^  H.P. 
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436.  Intake  And  Oatput  of  Power.  —  At  any  gen- 
erator batteiy,  dynamg,  or  thermopile,  power  is  taken 
'  1  to  the  electric  circuit.  At  auy  motor  or  lamp,  or  at 
any  part  in  the  circuit  where  chemical  work  (electro- 
plating, decomposing  gases,  or  charging  accnmulators)  is 
being  done  or  at  any  place  where  heat  is  being  evolved, 
power  is  Ireing  given  out  bj  the  electric  circuit.  At 
every  place  where  energy  is  coming  in  to  the  circuit 
there  will  be  an  electromotive-force  in  the  same  direction 

t  the  current,  and  helping  to  drive  it.  At  every  part 
where  energy  is  being  given  out  by  the  circuit  there  will 
HI  electroinotive-force  in  a  ilireplion  opposed  to  the 
current.'  The  word  outpul,\  as  applied  to  dynamos,  etc,, 
meaos  the  number  of  watt^i  or  kilowatts  which  the 
machine  supplies  or  can  supply.  For  example,  a  dynamo 
capable  of  supplying  300  am- 
peres "at  "100  volts  (meaning 
with  an  available  E.M.F.  of  100 
rolts)  is  said  to  have  ai)  output 
of  30  kilowatts. 

437.  Power-Heasuiement. 
—  To  measm-e  the  power  given 
electrically  to  iiny  part  ab  of 
a  circuit  by  an  unvarying  cur- 
rent, it  suffices  to  measure  the 
current  with  an  ampere^meter  "  ' 
(Art.  2S1),  and  the  potentials  across  the  part  « 
voUmeter  (Arts.  2*20,  390),  the  latter  being  of  coursi 
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iiected  33  a,  sliunt  as  in  Fig.  228.  The  product  of  volts 
mid  amperes  gives  the  watts.  Or  a  wattmeter  may  be 
used  as  below. 

438.  Wattmeters.  —  The  product  of  amperes  and 
volta  may  be  meaBured  directly  by  nieaus  of  a  wattmeter. 
Thia  name  is  given  to  a  variety  of  electrodynamometer 
(Art.  304)  ill  which  the  fixed  and  movable  coils  constitute 
two  separate  cii-cuita,  one  being  a  thick  wire  of  low  resiat- 

_  ^        ^  ance  to  carry  the  ainperei,  the 

other  being,  or  inuluding,  a 
thin  wire  of  bigh  resistance  (as 
in  voltmeters)  to  receive  a  cur- 
rent proportional  to  the  vollt. 
I'be  latter  circuit  is  to  be  con- 
nected as  a.  shunt  to  the  part 
ah  of  the  circuit  in  which 
LIlb  supplied  power  is  to  be 
measured.  In  Fig,  '220,  as  in 
Fig.  '2'2ii,  the  part  ab  is  an  aro- 
lamp.  The  auxiliary  resistance  r  is  introduced  into  the 
thin-wire  circuit  of  the  instrument,  the  whole  current 
flowing  through  the  thick-wire  circuit. 

Wattineters  are  made  both  on  the  pattern  of  Siemens's 
dynamometer  (Art.  395)  and  on  that  of  Kelvin's  balances 
(Art.  386). 

When  power-meaanrements  have  to  be  madu  on 
alternate-current  circuits,  separate  instruments  must  uot 
l«  used,  as  in  Ait.  437,  to  measure  volts  and  amperes. 
For,  owing  to  the  differences  of  phase  (Art.  472)  between 
volt^'e  and  current,  the  n/i/inrent  walUi,  got  by  multi- 
plying the  separate  reailinga,  will  be  in  excess  of  the  true 
watta  as  measured  by  a  wattmeter. 

439.  Power  wasted  in  Heating.  —  If  a  current  C  is 
driven  through  a  resistance  R,  the  volts  needed  will  (by 
Ohm's  law)  be 

V=CR. 
The  power  CV  so  expended  will  merely  heat  the  !■< 


Fig.  aau. 
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Substitute  for  V  its  value  as  above,  and  we  have 

Watts  wasted  =  CV  =  C^B  =  VVR. 
Ur,  if  tbe  expenditure  goes  on  for  t  seconds,  the  amount 
of  energy  turued  into  heat  (joules)  will  be 
Energy  =  QV  =  C(V  =  C=R(. 

The  nelt  power  of  a  dynamo  or  battery  is  always  leaa 
than  its  gross  power,  because  of  internal  resistance.  If  r 
be  the  internal  resistance,  and  E  the  whole  electroniolive- 
foroe,  the  nett  or  available  volts  V  =  E  —  Cr.  The  grout 
power  will  be  EC  watts.  But  the  nell  power  will  be 
VC  =  EC  -  C¥.  Or,  the  available  watts  equal  the  total 
watts  geuerated,  less  the  watts  wasted  in  internal 
beating. 

To  prove  Jonla'a  luw  of  heating  as  given  in  Art.  42T,  it  may  be 
rsmemboreil  that  the  mechanical  eq^uivalent  of  heat  it  42  milliun 
ergs  to  1  calorie  (JouJe'a  equivalent),  or  W  =  .JU,  where  Wis  the 
work  in  ergn,  U  the  heat  in  calories,  ami  J  =  4'2  x  10'.  Hence 
U  =  C^Rt/J.  But  to  reduce  the  work  U>  ergs  we  must  multiply 
CfU  by  10' ;  whence  U  =  G^  X  0-24. 

440.  DiBtiibution  of  Electric  Energy.  —  Electric  en- 
ergy is  now  distributed  on  a  large  scale  for  lighting, 
motiTe  power  and  beating.  Large  Central  Station*  or 
Pamer-ltouseg  are  erected  at  convenient  spots,  with  steain- 
Bngines  or  turbines  (if  water-power  is  available)  to  drive 
generating  machinery  (dynamos  and  alternators).  From 
the  power-house  distributing  mains  of  copper  go  out,  con- 
sisting of  feeders  leadiiig  into  the  nelicorl:  of  conductors 
that  runs  from  home  to  house. 

Supply  systems  may  be  classified  according  to  whether 
they  operate  at  a  fuio  voltage  (or  low  pressure),  i.e.  from 
100  volts  (or  under)  to  300  volts ;  high  imltage,  i.e.  from 
800  to  3000  volts;  or  extra  high  voltage,  over  3000 
volts.  The  low-voltage  systems  generally  use  continuous 
currents,  the  high-voltage  systems  generally  (but  not 
necessarily)  use  alternate  currents,  and  &ans/ornierg  (Art. 
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Example.  —  The  City  "f  London  Elei'irlo  Lighting  Compuny 
generail«a  alternnte  currents  nt  a  little  over  iiOOl)  volts  at 
it*  power-housu  on  the  Houth  side  of  the  Tlmnies,  and 
sends  these  currents  through  the  feeders  to  sab-Blations 
lu  tiio  city,  wliero  they  ace  tmnatormed  down  to  currentH 
tweuty  times  ax  large  at  a  pressure  of  100  volts ;  at  which 
lowpreitsure  thuysupply  the  network  of  mainBand  hoose 
br&ncbea,  which  are  laid  iu  conduits  under  the  stceetB. 

Since  tlie  power  of  a  current  depends  on  the  voltage 
at  which  it  is  supplied,  the  vnil  nf  svpply  recognized  in 
law  is  based  on  the  unit  of  power,  the  uialt  (Art.  436), 
and  is  defined  as  1000  watts  supplied  for  one  hour  (i^. 
1  kilowatt-hour)  or  its  equivalent.  The  maxinium  price 
which  the  English  Board  of  Trade  perinita  the  supply 
company  to  chargp  the  consumer  for  I  unit  is  eightpenee. 

441.  CoDditloos  of  Electric  Supply.  —  Klectric  energy 
13  almost  always  supplied  uudei'  one  of  two  standard  con- 
ditions, either  — 

(u)  at  Coimtant  Voltaqe,  or 
(fi)    with  Constant  Currwji. 

In  tiie  former  case  the  circuit  is  branithedf  and  the 
cnrrunt  is  supplied  (usually  at  100  volts)  to  all  the  lamps 
or  motors  in  parallel  (Art.  400),  each  lamp,  etc.,  being 
independent  of  all  others;  itud  the  current  varying  pre- 
cisely in  proportion  to  the  demand. 

In  the  latter  case,  seldom  used  except  for  strings  of 
arc-lamps,  the  circuit  is  undivided,  and  the  current 
(usually  10  amperes)  flows  tlirough  all  the  lamps  in  seriet 
(Art.  198).  If  lamps  are  turned  nut  (by  ahort-cii'cuiting 
them)  the  voltage  must  be  reduced  to  keep  the  cnrrent 
constant. 

442.  Supply  Meters —  Meters  for  measuring  the 
supply  tn  the  house.i  of  consumers  are  of  several  kinds. 

(li)  Chemical  Melem.  —  Thecurrent  or  a  known  fraction 
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of  it  is  passed  through  an  electrolytic  cell,  there  to 
deposit  copper  (Edison's  method)  or  dissolve  zinc 
(Jehl's  improved  Pldison) .  The  amount  of  chemi- 
cal action  is  proportional  to  the  ampere-hours. 

(6)  Integrating  Meters,  —  A  uniformly -going  clock 
drives  a  counting  apparatus  through  an  inter- 
mediate gear  operated  by  the  current  (or  by  the 
watts),  such  intermediate  gear  being  such  that 
when  current  is  small  counting  is  small,  when 
current  large  counting  is  large.  An  integrating 
disk-and-roller,  or  an  integrating  cam,  is  a  usual 
mechanism,  its  operation  being  controlled  by  the 
motion  of  an  ampere-meter  or  wattmeter. 

(c)  Motor  Meters.  —  If  the  current  passes  through  the 
armature  of  a  small  motor  (Art.  448)  having  a 
constant  field,  having  its  speed  controlled  purely 
by  fluid  friction  (by  a  fan)  or  by  (iddy-current 
friction  (in  a  copper  conductor  revolving  between 
magnet  poles.  Art.  457),  its  speed  will  at  every 
instant  be  proportional  to  the  current.  Hence 
such  a  motor  attached  to  a  suitable  counting-train 
of  wheels  will  serve  as  a  meter,  the  total  number 
of  revolutions  being  proportional  to  the  ampere- 
hours.  In  Perry's  meter  (180.*^)  the  revolving  part 
is  a  copper  bell  immersed  in  mercury,  revolving 
around  a  central  magnet  pole  (as  the  wire  does  in 
Fig.  201 ),  and  surrounded  by  an  external  S  pole 
with  ribbed  projections  to  promote  eddy-currents. 
In  Schallenberger's  meter  for  alternate  currents 
the  motor  drives  a  fan.  In  Elihu  Thomson's 
meter,  which  records  the  watt-hours,  the  revolving 
armature  is  of  fine  wire  and  high  resistance,  con- 
nected as  shunt,  while  the  fixed  coils  that  serve  as 
field-magnet  take  the  whole  current  supplied.  So 
the  torque  is  proportional  to  the  watts ;  while  a 
copper  disk  revolving  between  magnet  poles,  by 
its  drag  keeps  the  speed  proportional  to  the  torque. 
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(d)  Retarded  Clocks. — Current  may  be  made  to  act 
upon  the  mte  of  a  clotik,  tiy  flowing  in  a  coil 
under  the  pendulum  bob  if  the  latter  is  a  magnet. 
Any  force  added  thus  to  gravity  or  subtracted 
from  it  will  cause  the  clock  to  gain  or  lose,  Ayr- 
ton  and  Ferry  proposed  to  ineiLsure  the  supply 
by  the  total  time  gained  ov  lost  by  a  clock.  In 
Aron'a  meter,  of  which  this  ia  the  principle,  there 
is  a  double  clock  with  two  pandiUums,  only  one 
of  which  is  acted  on  by  the  current.  A  train  of 
counting  wheels  is  geared  to  record  the  difference 
between  the  two. 


Lkssox    XXXVIII.  —  Electrw   Motors    {Electromagntiie 
Engines) 

443.  Electric  Hotors.  —  Electromagnetic  engines,  or 
molun,  are  utachlnea  in  wliich  the  motive  power  is  de- 
rived from  electric  currents  by  means  of  their  eleetro- 
magnetic  action.  In  1831  Faraday  showed  a  simple  caae 
(Art.  393)  of  rotation  produced  between  a  magnet  and  a 
current  of  electricity.  Barlow  produced  rotation  Id  a 
star-wheel,  and  Sturgeon  in  a  copper  disk,  when  traversed 
radially  by  a  current  while  placed  between  the  poles  of 
a  horse-shoe  magnet.  In  1831  Henry,  and  in  1833 
Ritchie,  constructed  small  engines  producing  rotation  by 
electromagnetic  means.  Fig.  230  shows  a  moditioation 
of  Ritchie's  motor.  An  electromagnet  YiV  is  poised  upon 
a  vertical  axis  between  tbe  poles  of  a  fixed  magnet  (or 
electromagnet)  SN.  A  current,  generated  tiy  a  suitable 
battery,  is  carried  by  wires  which  terminate  in  two 
mercury-cups,  A,  B,  into  which  dip  the  ends  of  the  coil 
of  the  movable  electromagnet  CD.  When  a  current 
traverses  the  coil  of  CD  it  turns  so  as  to  set  itself  in  the 
line  between  the  poles  NS,  but  as  it  swings  round,  the 
wires  that  dip  into  the  mercury-cups  pass  from  one  cup 
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to  the  opposite,  so  that,  at  the  moment  when  C  approaches 
S,  tlie  current  in  CD  is  reversed,  and  C  is  repelled  from 
S  and  attracted  round  to  N,  the  current  through  CD 
being  thus  reversed  every  half  turn.  In  larger  motors 
the  mercm-y-oiip  arrangement  is  replaced  by  a  commutalor 
(devised  by  Sturgeon),  consisting  of  a  copper  tube,  slit 
into  tvro  or  more  parts,  aud 
touched  at  opposite  points  by 
a  pair  of  metallic  springs  or 
"  brushes." 

In  another  early  form  o£ 
motor,  devised  by  Froiiieiit, 
bars  of  iron  fixed  upon  tlie 
circumference  of  a  rotating 
cylinder  are  attracted  up  to- 
wards an  electromagnet,  in 
which  the  current  is  nutoniati- 
cally  broken  at  the  instant 
when  each  bar  has  come  clotie 
up  to  its  poles.  In  a  third 
kind,  an  electrom^net  is  made 
to  attract  a  piece  of  soft  iron 
alternately  up  and  down,  with 
a  motion  like  the  piston  of  a 
ateam-engiue,  which  is  con- 
verted by  a  crank  hito  a  rotatory  motion.  In  these  cases 
the  difficulty  occurs  that,  as  the  attraction  of  an  electro- 
magnet falls  oS  rapidly  at  a  distance  from  its  poles,  tlie 
attracting  force  can  only  produce  effective  motion  through 
very  small  range.  Pi^e  from  1838  to  1850  designed 
various  motors,  in  some  of  which  iron  plungers  were 
Bucked  into  hollow  tubular  coils  of  wire  in  which  currents 
were  caused  to  circulate  at  recurring  intervals. 

In  1839  Jacobi  propelled  a  boat  along  the  river  Neva 
at  the  rate  of  2]  miles  jier  hour  with  an  electromagnetic 
engine  of  about  one  horse-power,  worked  by  a  battery  of 
64  large  Grove's  cells. 


Fig.  280. 
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Jacobi  appears  to  have  been  the  first  to  recognize, 
about  185(),  that  the  action  of  the  electric  motor  is  the 
simple  converse  of  that  of  the  dynamo  or  generator. 
Every  magneto-electric  generator  or  dynamo,  sach  as  is 
used  in  electric  lighting,  can  also  work  as  a  motor,  giving 
out  mechanical  power  when  supplied  with  electric  currents 
from  some  other  source.  Indeed  the  dynamos  designed 
as  generators  make  far  more  efficient  motors  than  any 
of  the  older  sorts  of  electromagnetic  engines,  which  were 
little  more  than  toys. 

In  1882  an  iron  screw-boat  capable  of  carrying  12 
persons,  and  driven  by  two  such  motors,  with  a  power 
of  about  3  horse-power,  the  current  being  furnished 
by  45  acttuniulators,  was  worked  upon  the  Thames  at  a 
si>eed  of  8  miles  per  hour.  There  is  now  a  whole  flotilla 
of  electric  launches  on  the  Thames. 

444.  Modem  Electric  Motors.  —  These  are  of  two 
kinds:  (1)  those  for  use  with  continuous  currents;  (2) 
those  for  use  with  alternate  currents.  The  former  are 
constriKjted  precisely  on  the  plan  of  continuous  current 
dynamos  (Art.  462)  having  fixed  field  magnets  and  rotat- 
ing armature.  The  armature  is  dragged  round  by  the 
mutual  action  of  the  currents  flowing  in  the  copper 
conductors  and  the  magnetic  field  in  which  the  conductors 
lie.  As  explained  in  Art.  340,  the  force  acting  laterally 
on  the  conductors  is  proportional  to  the  product  of 
current  and  field.  Hence  if  very  powerful  field-magnets 
are  employed,  a  great  torque  (or  turning  moment)  can  be 
produced  without  requiring  too  great  a  current  to  be  sent 
into  the  armature.  The  two  factors  of  mechanical  rotatory 
power  are  torque  (  =  angular  force)  and  angular  speed.  If 
the  field  of  the  motor  is  maintained  constant  the  torque 
is  proportional  to  the  current  and  the  speed  is  proportional 
to  the  volts.  If  E  is  the  electromotive-force  generated 
(in  direction  opposing  the  current,  see  Art.  436)  in  the 
revolving  armature,  and  C  the  current  supplied  to  it,  the 
electrical   and   mechanical   expressions    for    the    power 
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I  (watts)  imparted  to  the  arrnature  are 
CE  =  anT, 

r  vhere  n  ia  revolutions  per  second,  T  the  torque,  and  u  a 
I  coefficient  depending  ou  the  units  chosen. 

If  the  armature  current  ia  supplied  from  mains  at 
[-(jonstant  voltage,  strengthening  the  magnetic  field  has 
r  the  effect  of  slowing  speed,  for  equal  power;  and  weak- 
I  ening  the  field  quickens  the  speed.  Alternate-current 
[  motors  are  described  in  Arts.  484  to  4ti6. 

445.   Efficiency  of  Uotors.  —  If  an  ampere-meter  be 

included  in  the  circuit  with  a,  battery  and  a  motor,  it 

is  found  that  the  curreut  is  uieai:er  when  the  motor  is 

working  than  when  the  motor  is  standing  still,  and  that 

the  faster  the  motor  runs  the  weaker  does  the  current 

This  ia  due  to  the  E.M.F.  generated   in  the 

I"  revolving  armature  of  the  motor,  which  necessarUy  (Art. 

I  436)  opposes  the  current.      If  the  motor  only  exerts  a 

Bm^  back  electromotive-force  it  cannot  utilize  much  of 

y  Hie  power  of  the  current.     If  V  be  the  volts  at  which  the 

[   current  is  supplied,  and  E  the  conn  ter-eleo  tie  motive-force 

1  generated  by  the  motor,  and  C  the  current,  then  VC  = 

T  gross   power   supplied,  EC  =  nett   power   utilized,   and 

dividing  the  latter   by  former  we   get,  as  the  electrical 

efficiency  of  the  motor,  the  ratio  — . 

K)  volts  and  E  =  90  volts,  the 


To  make  the  efficiency  as  high  as  poaaible  the  motor 
Bbould  be  BO  arranged  (either  by  strengthening  its  mag- 
netic field,  or  by  letting   it  run  faster)  that   R  ia  very 
nearly  equal  to  V.     In  that  case  the  motor  will  utilize 
nearly  all  the  energy  that  flows  to  it.      But  since,  by 
r  Ohm's  law,  the  current  is  =  (V  —  E)/r,  where  r  is  the 
I  internal  resistance  of  the  motor,  it  follows  that  when  E 
l.beconieH  nearly  equal  to  V  the  current  will  be  reduced  to 
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a.  small  fraclion  what  it  would  be  if  the  motor  were  at 
rest.  The  iliagraiii  (Fig.  2'it}  luakes  the  matter  plaiuer. 
I*t  the  1  e  OV  represent  by  its  leti(jth  the  volts  of 
supply  V  and  let  OE  represent  the  volte  generated  in 
the  armature,  pruportioiial  to  speed  and  to  field.  On 
OV  describe  the  square  OVWX,  and 
W  draw  the  diagonal  and  the  lines  EH, 
KL.  Then  the  area  EVWII  is  pro- 
■i  portional  to  the  gross  power,  being 
VCV-E),  and  area  GLXH  is  proper- 
tional  to  the  iiett  x*°™^'''  being 
E(V— E),  Thfiae  two  areas  become 
more  nearly  eiiual,  tliough  both  be- 
"  n»  Ml""  "  co'118  small,  when  E  is  increased  to 
be  nearly  equal  to  V.  The  area 
GLXH,  the  nett  output  of  the  motor,  is  a  maximum 
when  E  =  jV ;  but  then  the  efficiency  would  lie  only  50 
per  cent. 

The  fact  that  when  E  is  small  the  current  is  enormous 
is  of  great  advantage  in  the  starting  of  motors;  for  at 
starting  the  great  rush  of  current  (which  would  destroy 
them  if  it  lasted)  produces  a  great  torque,  and  the  motor 
aooii  gets  up  speed  and  so  cuts  down  the  current  to  the 
working  aniount. 

446.  Electric  Locomotion.  —  Motors  placed  on  cars 
or  on  separate  locomotives  can  propel  them  singly  or  in 
trains  provided  the  reijiiisite  power  ia  supplied.  This 
inay  be  done  in  several  ways  ;  — 

(a)  A  battery  of  cliarged  accumulators  is  carried  ou 

the  car. 

(b)  Current  is  furnished  from  a  power-house,  at  soma 

convenient  point,  to  the  rails  on  which  the  cars 
run,  and  which  act  as  outgoing  and  return 
conductors,  and  are  insulated.  The  cars  (which 
have  iusulated  wheels)  pick  up  their  cuireDts 
from  the  rails. 

(c)  Current  is  furnished  from  a  power-house,  to  a  third 
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rail  insulated  from  earth.     From  thia  the  current 
is  picked  up  by  the  car,  the  ordinary  rails  being 
nsed  &B  return  conductor. 
(d)  Current  is  furnished  from  ii  power-house  to  an 
overhead  litie,  with  which  the  car  makes  contact 
as  it  riiDB  by  means  of  a  troUey-wheel  fixed  on  a 
long  rod  above  the  car. 
Method  (n)  in  not  eeonomical,  owing  to  weight  of 
accumulators.     Plan  (A)  in  the  one  used  by  Siemens  in  the 
first  electric  tramway  put  down,  in  Berlin,  in  1870.    Plan 
(c)  is  used  in  several  heavy  electric  railroads  in  England, 
to  fnruish  cun-ent  to  locomotives  of  200  to  400  horse- 
power.    Plan   (li)    is   used  for  tramways   chiefly  iu  the 
United  States,  where  there  are  now  (16Q4)  thousands  of 
miles  of  light  roads  so  equipped. 

447.  Electric  Trsnamiasion  of  Power. —  Power  may 
be  transmitted  to  great  distances  electrically  from  a 
generator  at  one  end  of  the  circuit  to  a  niotor  at  the  other. 
A  mountain  stream  may  be  made  to  turn  a  turbine  which 
drives  a  dynamo  or  alternator,  the  cuirents  from  which 
are  conveyed  to  some  centre  of  population  by  insulated 
wires  lo  the  motor  which  reconverts  the  electrical  power 
into  mechanical  power.  Scores  of  such  esaraplea  are  now 
at  wort.  In  the  strilring  demonstration  at  Frankfort,  in 
1891,  140  horse-power  was  conveyed  from  the  falls  of  the 
Neckar  at  I^auffen,  117  miles  away,  through  thi-ee  wires 
only  4  millimetres  iu  diameter,  with  a  nett  efficiency  of 
74  per  cent,  including  all  losses.     • 

Fig.  23S  illustrates  the  case  of  a  simple  transmisaion 
between  two  machines.  I[i  one  the  electromotive-force 
drives  the  current,  iu  the  other  the  electromotive-force 
opposes  the  current.  The  fii'at  acta  as  generator  (by  the 
principle  of  Art.  436),  the  second  as  motor.  If  their 
respective  electromotive-forces  are  E,  ami  E^  the  electrical 
efficiency  of  the  transmission  is  the  ratiu  Eu/E,. 

The  power  lost  in  the  line  by  reason  of  its  resistance 
is  the  chief  difficulty  to  face  in  such  traneuiissious,  owing 
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to  the  prohibitive  price  of  coppei'  for  carrying  large 
cnrreats  witliout  overhea.tiDg.  The  watta  wasted  in  a  line 
of  resistance  R  are  (Art.  439)  =  C'R.  The  gross  watta 
utilized  are  (Art.  435)  =  CVm.  where  Vm  is  the  volts  at 
the  motor  end.  Hence  the  power  that  must  he  poured  in 
to  the  sending  end  of  the  line  CR  +  CVjj  watts.  Now 
it  will  be  obvious  that  one  may  keep  the  C^R  loss  coiifltaot 
and  ;et  increase  the  power  that  ia  traasmittsd  by  increas- 


iiiy  Vm  tlie  vultage  at  tlie  motor  — using  in  fact  a  high- 
voltage  motor,  and  of  course  a  high-voltage  generator  to 
cori-espond.  To  put  the  matter  in  another  way.  Let 
Vq  be  the  volta  at  the  generator  end  of  the  line, 
(V'a  —  Vm)R  will  be  =  C,  Now  we  may  keep  C  con- 
stant (and  therefore  the  C^R  loss  constant)  and  yet  in- 
crease the  voltages,  provided  Vo  —  Vm  remains  as 
before. 

Example.  —  Sappose  a  lino  iif  ci^per-wlie  30  miles  longbM 
resistance  o(  100  ohms.  A  curreut  ot  {)  amperes  in  it  will 
waste  S&X)  watts  or  nearly  5  h(«se~p<)nur.  To  send  6 
amperes  tlirougb  100  ohms  requlreiii  a  difFerence  of 
potentials  ot  (KiO  volts,  Snppuse  Vr>  =  1000  and 
Vm  =  400,  Vo  -  Vm  =  GOO.  The  walls  sent  in  are 
CVq  =  U0O0,  aud  the  watts  delivarad  iiro  CVm  ^2400. 
Of  8  horse-power  put  in  only  about  3}  are  delivered,  the 


effleiency  being  Vm/Vo  =  40  per  cent.  Niiw  Bupposo 
Ta  increased  to  3000  volts,  and  Vm  ti,  liOO.  Vq  -  Vm  = 
600,  OS  Iwfore.  C  =  G  aii]i)Ctea,  as  before.  OR  loss  is 
3800wattB,aa  before.  But  wattB  sent  in  are  now  12,000 
(OTer  16  H.P.)<  and  the  vatts  delivered  are  S400 
(lli  HJ".).    WMlBt  the  efficieiicy  is  now  70  per  cent. 

It  ia  therefore  clear  that  high  voltage  is  the  secret  of 
micceas  in  the  electrical  trFiiismi»gioti  of  eoergj,  whether 
lor  lighting  or  power,  to  long  dietiinces.  In  the  trans- 
mission of  energy  from  the  i'aJls  of  Tiyoli  to  light  the 
city  of  Rome  HJxteen  miles  awa,y,  a.  preaanre  of  5000  volta 
is  succeasfully  used.  In  the  scheme  for  utilizing  the 
power  of  Nia.gara  Tails,  now  on  the  way,  a  voltage  of 
30,000  18  proposed. 


LsaeoN  XXXIX.  —  Eleclric  Light 

448.  The  Electric  Arc,  —  If  two  pointed  pieces  of 
carbon  are  joined  by  wires  to  the  terminals  of  a  powerful 
voltaia  battery  or  other  generator  of  electric  ourrents, 
and  are  brought  into  contact  for  a  moment  and  tdwn 
drawn  apart  to  a  short  distance,  a  kind  of  electric  flame 
called  the  arc  or  "  voltaic  "  arc  ia  produced  between  the 
points  of  carbon,  and  a  brilliant  1ijj;ht  is  emitted  by  the 
white  hot  points  of  the  carbon  electrodes.  This  phertuiiie- 
non  was  first  noticed  by  Humpbi-y  Davy  in  1800,  and  its 
explanation  appears  to  bo  the  following;  —  Before  con- 
tact the  difference  of  potential  between  the  points  is 
inaufficient  to  permit  a  spark  to  leap  acroas  even  j^ofg^  of 
an  inch  of  air-space,  but  when  the  carbons  are  made  to 
touch,  a  current  is  establiahed.  On  separating  the  carbons 
the  spark  at  parting  volal^liites  a  small  quantity  of  carbon 
between  the  points.  Carbon  vapour  being  a  partial  con- 
ductor allows  the  current  to  continue  to  flow  acro.ss  the 
gap,  provided  it  be  not  too  wide;  but  as  the  carbon 
vapour  has  a  veiy  high  resistance  it  becomes  iuteuiiely 
heated  by  the  passage  of  the  current,  and  the  carbon  poiatfi 
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also  grow  hot.  Since,  however,  solid  matter  is  &  better 
radiator  than  gaaeous  matter,  the  carbon  points  emit  fat 
more  light  than  the  arc  itself,  though  they  are  not  so  hot. 
The  temperature  of  the  arc  is  simply  determined  by  the 
temperature  at  which  c&rbon  yolatUixes ;  about  35<HP  C. 
according  to  Violle.  In  the  are  the  nioat  infusible  sttb- 
staiices,  such  aa  flint  and  diamond,  melt ,  anil  metals  stu^ 
aH  gold  mill  iiliitiiinm  iire  oven  vaporized  readily  in  its 
II  ttttme  heat  When  the 
irc  IB  prDdui.pd  lu  the  air 
the  carbons  slowly  bum 
awav  by  oxidization.  It  is 
Dbser\ed,also,that  particles 
of  carbon  are  voiatiUzed  off 
and  torn  away  from  the  + 
electrode,  which  becomes 
hollowed  out  to  acup«hape, 
or  crater,  and  if  the  gap  be- 
tween the  carbons  is  small 
some  of  these  particles  are 
deposited  on  the  —  elec- 
trode, which  assumes  a 
pointed  form,  as  shown  in 
Pig.  233.  The  resistance  of  the  arc  may  vary,  according 
to  circumstances,  from  0'2  ohm  upwards,  according  to  the 
length  and  section  of  the  flame.  The  arc  also  exerta  an 
opposing  electromotive-force  of  its  own,  amouuting  to 
about  3.?  volte  when  continuous  currents  are  used,  and 
the  arc  is  silent.  When  it  becomes  unstable  and  hisses, 
the  back  electromotive-force  is  much  lower.  The  seat  of 
this  back  electromotive-force  is  at  the  surface  of  the  crater 
where  the  work  of  volatilizing  the  carbon  is  being  done. 

To  produce  an  electric  light  satisfactorily  a  minimum 
electromotive-force  of  4(1  to  .50  volts  is  necessary  if  con- 
tinuous ciiireiita  are  used.  With  alternate  currents  30  to 
35  volts  suiBce.  The  uniial  current  for  arc  lamps  of  1000 
to  2000  candle  power  is  from  5  to  10  amperes.    With 


weaker  fiurrenta  or  smaller  electromotive-forces  it  is  im- 
practicable to  maintain  a  steady  arc  For  Hearch-lights 
on  board  ahij)  and  for  lighthouBeB,  arc  lights  of  greater 
power  are  produced  by  using  thicker  carbons  and  supply- 
ing them  with  curreutB  of  20  to  100  or  more  amperes. 
The  common  size  of  carbon  rod  in  use  in  10  or  11 
millimetres  in  diameter :  the  consumption  ia  roughly  1 
inch  per  hour,  the  -f  carbon  consuming  much  faster  than 
the  —  carboD.  The  internal  resistance  of  the  ordinary 
Daniell'a  or  Leclanclie's  cells  (as  used  in  telegraphy)  is 
too  great  to  render  tliem  aerviceahle  for  producing  arc 
lights.  A  battery  of  40  to  60  Grove's  cells  (Art.  182) 
is  efficient,  but  will  not  last  more  than  2  or  3  hours.  A 
dynamo-electric  machine  (such  as  described  in  Arts.  461 
to  48B),  worked  by  a  steamrCngiue,  is  the  generator  of 
currents  in  pructical  electric  lighting.  I'he  quantity  of 
light  emitted  by  an  arc  lamp  differs  in  different  directions, 
the  greatest  amount  being  emitted  (when  the  +  carbon 
is  at  the  top)  at  an  angle  of  ahout  45°  downwards.  Most 
of  it  comes  from  the  white  hot  crater,  very  little  from  the 
negative  point.  In  the  alternate-current  arc  the  carbon 
points  are  alike  and  emit  equal  1ig)it.  The  current  must 
not  alternate  more  slowly  than  40  periods  per  second. 
The  total  quantity  of  light  emitted,  when  the  current  is 
supplied  at  a  fixed  voltage,  is  not  quite  proportional  to 
the  current,  but  increases  in  a  somewhat  higher  ratio. 
Doubling  tbe  current  makes  rather  more  than  twice  as 
much  light. 

449,  Arc  Lafflpa.  —  Davy  employed  wood  charcoiil 
for  electrodes  to  obtain  the  arc  light.  Pencils  of  hard 
gas-carbon  were  later  introduced  by  t'oucault.  In  ail  the. 
more  recent  arc  lamps,  pencils  of  a  more  dense  aud  homo- 
geneous artificial  coke-carbon  are  used.  These  consume 
away  more  regularly,  and  less  rapidly,  but  still  soiiio 
automatic  contrivance  It  necessary  to  push  the  points  of 
the  carbons  forward  as  fast  as  needed.  The  mechani.tiii 
of  the  arc  lamp  should  "  strike  "  the  arc  by  causing  the 
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pencils  to  touch,  and  then  separate  theni  to  the  requisite 
distance,  aliout  5  iiiillinietreB ;  tKe  itieciiiviiisiii  fihould  also 
"  feed  "  the  carbons  into  the  arc  oh  faat  as  they  a 

flunied,  and  it  should  aXeo  cause 
the  points  to  approach  or  re- 
cede autoniatioftUy  in  cai 
arc  becomes  too  long  c 
short ;  it  ohould  further  bring 
the  carbons  to^tbei 
instant  to  strike  tlie  arc  again 
it  by  any  chance  the  flame  goes 
ont.    Arv  Lamps  or  "regula- 

ttora,"   fullilliug    these    condi- 
tions, have  been  invented  by  a 
number  of  persons.    The  earlt- 
I  est  viaa  invented  in   1847  by 

_  I  W.  E.  Ktaite.    Arc  lamps  may 

I     Mm       ^  be  claHsilied  us  follows :  — 

T^mS^^S^M  ^"-'      Clockwork  Lamp*.  — 

i  Q^^^^^^l  of  Foiiouult  as  constructed  by 

/     ^^^^^^^^H  carlmn-holders    are    propelled 

I  ^fT^SBj^A  ''y  "  ti^>"  of  clockwork  wheels 

H        IBrti^"  actiiateil    by  a.    spring.      An 

H       sl^ft^^  electromagnet    at    the     base, 

^     I        €■■  through    which     the    current 

^11*?   B^B  runs,  attracts  an  armature  and 

_-il^i^^|B|^^^^      goveniH  tlie  clo<:kwork.     If  the 
gJ^LiaiiiS8^S^^^3     current  is  too  strong  the  arma- 
'^~'^-  -"  ' — ---^^^^      ture  is  drawn  down,  and  the 
l.,|    j3^  clockwork  draws  the  carbons 

fartlier  apart.  If  the  current 
is  weakened  by  the  increase  of  the  reaistjince  of  the  arc  as 
the  carbons  burn  away,  the  armature  ia  drawn  u|iwardH 
by  a  spring,  and  a  second  train  of  wheels  comes  into  play 
and  moves  the  carbons  nearer  together.    Clockwork  arc 
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lamps  have  also  been  devised  in  which  the  weight  of  the 
carbon-holders  drive  the  clockwork  mechanism.  Of  this 
class  was  Serrin's  lamp,  which  from  1855  to  the  present 
time  has  been  largely  used  for  lighthouses,  and  for  the 
optical  lantern. 

(b)  Brake-wheel  Lamps.  —  Another  mechanism  for  reg- 
ulating the  rate  of  feeding  the  carbon  into  the  arc  consists 
in  the  addition  of  a  brake-wheel ; 
the  brake  which  stops  the  wheel 
bemg  actuated  by  an  electro- 
magnet which  allows  the  wheel 
to  run  forward  a  little  when  the 
resistance  of  the  arc  increases 
beyond  its  normal  amount.  In 
Fig.  235  B  is  the  brake-wheel, 
L  the  lever  which  governs  it,  C 
an  iron  core  of  the  coil  S  inserted 
in  the  circuit.  When  current  is 
switched  on,  the  core  is  drawn 
up,  causing  L  to  gi'ip  B  and  turn 
it  a  little,  so  parting  the  carbons 
and  striking  the  arc. 

(c)  Solenoid  Lamps.  —  In  this 
class  of  arc  lamp  one  of  the  car- 
bons is  attached  to  an  iron 
plunger  capable  of  sliding  verti- 
cally up  or  down  inside  a  hollow 
coil  or  solenoid,  which,  being 
traversed  by  the  current,  regu- 
lates the  position  of  the  carbons  and  the  length  of  the 
arc.  Siemens  employed  two  solenoids  acting  against  one 
another  differentially,  one  being  a  main-circuit  coil,  the 
other  being  a  fine-wire  coil  connected  as  a  shunt  to  the 
arc.  The  shunt  coil  acts  as  a  voltmeter  to  watch  the  arc 
and  feed  the  carbons  forward  when  the  volts  rise  above 
the  normal,  it  being  set  to  control  the  feeding  mechanism. 

(d)  Clutch  Lamps.  —  A  somewhat  simpler  dsvio^  "" 
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that  of  employing  a  clutcli  to  [lick  up  the  upper  carbon- 
holder,  the  lower  curbon  reniamiug  fixed,  lu  this  kind 
of  lamp  the  clutch  is  worked  by  au  electromagnet,  through 
which  the  main  current  passes.  If  the  lamp  goes  out  the 
magnet  releases  the  clutch,  and  the  upper  carbon  falls  by 
ita  own  weight  and  touches  the  lower  carbon.  Instantly 
the  current  starts  round  the  electromagnet,  which  causes 
the  clutch  to  grip  the  carbon-holder,  aud  raise  it  to  the 
requisite  distance.  Should  the  arc  grow  too  long,  the 
lessening  attraction  on  the  clutch  auUiniaticaUy  permits 
the  carbon-holder  to  advance  a  liitle. 

(e)  Motor  Lamps.  —  yometirnes  little  electric  motors 
are  used  to  opei-ate  the  carbons  automatically. 

450.  Grouping  of  Arc  Lamps.  —  U  the  condition  of 
supply  is  constant  voltage  the  arc  lamps  must  be  set  in 
parallel;  if  the  arc  lamps  are  to  be  run  in  seriet,  the 
same  current  flowing  in  succession  through  each  of  the 
lamps,  then  the  supply  must  be  of  a  current  of  unvarying 
strength.  In  this  case  a  shunt  circuit  is  neces- 
■       sary  in  each  lamp. 

V  461.  Electric  Candles. -- To  obviate  the 

H        expense  and  complication  of  such  regulators, 

H        electric  candles  have  been  suggested.    Fig.  237 

H        depicts  Jablochloff'a  candle,  consisting  of  two 

H        parallel  pencils  of  hard  carbon  sepai-ated  by 

H       a  thill  layer  of  plaster  of  Paris  and  supported 

JH       in  an  upright  holder.    The  arc  plays  across  the 

^^L      summit  between  the  two  carbon  wicks.     In 

HI     order  that  both  carbons  may  consume  at  equal 

HI      rates,  alternating  aurrents  must  be  employed. 

HI  452.  Incandescent  Lamps  or  Glow-Lompa. 

MBL      — ■*'^  lamps  of  an  illuminating  power  of  less 

•     ■      tlian  loo  candles  are  very  unsteady  and  nu- 

'iK-  Ss".     economical.    For  small  lij^lits  it  is  both  simpler 

and  cheaper  to  employ  a  lliiu  continuous  wire  or  filament 

of   some  infusible  conductor,  heated  to  whiteness  by 

passing  a  current  through  it.     Thin  wires  of  platiuum 


have  repeatedly  been  suggested  for  this  pui-pose,  but 
they  cannot  be  kept  from  risk  of  fusing.  Iridium  wires 
and  thin  strips  of  carbon  hare  also  been  suggested 
by  many  inventors.  Kdison  in  1878  deiised  a  lamp 
Donsiating  of  a  platinum  spiral  combined  with  a,  short- 
circuiting  switch  to  divert  the  current  from  the  lamp 
in  case  it  became  overheated.  Swan  in  Febmary  !87S 
publicly  showed  a  carbon  wire  lamp  in  a  vacuous  bulb. 
Edison  ill  October  1879  devised  a  vacuum  lamp  with  a 
cioiled  (ilatnent  made  of  lamp  black  and  tar  carbonized. 
Swan  ill  January  1880  prepared  filaments  from  cotton 
thread  parclimeiitized  in  Bulphuric  acid,  and  afterwards 
carbonized.  Edison  in  1S30  substituted  a  flat  strip  of 
carbonized  bamboo  for  a  filament.  Lane  Fox  in  1879 
used  prepared  and  carbonized  vegetable  fibres.  Crookes 
used  a  filament  prepared  from  silk  or  vegetable  matter 
parchmentized  with  cuprammonio  cblorida. 

Modern  glow-lamps  mostly  have  thin  carbon  wirea 
prepared  from  parchmentized  cellulose,  which  is  then 
carbonized  in  a  closed  vessel.  Sometimes  the  filaments 
are  "  flashed  "  over  with  surface  carbon  by  being  moment- 
arily heated  electrically  in  a  carbonaceous  atmosphere. 
They  are  mounted  upon  platinum  supports  in  a  glass 
bulb  through  which  the  platinum  wires  pass  out,  and 
into  which  they  are  sealed,  the  bulbs  being  afterwards 
exhausted  of  air  and  other  gases,  the  vacuum  being  made 
very  perfect  by  the  employment  of  special  mercurial 
air-pumps.  The  bulbs  should  be  heated  during  exhaus- 
tion to  drive  out  residual  gases.  Carbon  is  the  only 
suitable  material  for  the  conductor  because  of  its  superior 
infusibility  and  higher  resistance.  It  also  has  the 
remarkable  property,  the  reverse  of  that  observed  in 
metals,  of  offering  a  lower  resistance  when  hot  than 
when  cold.  Two  common  forms  of  glow-lamp  are 
shown  in  Fig.  237 ;  the  typical  form  used  by  Swan  in 
England,  and  the  typical  form  perfected  by  Edison  in 
America.     The  resistance  of  such  lamps  varies  accord- 
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iiig  to  size  and  length  of  the  filament.  A  modern  16 
candle-power  lamp  for  nse  on  a  lOO-volt  circuit  will 
take  about  0-8  ampere.  That  is  to  say,  its  resistance 
when  hot  will  be  about  lOK  ohms  (or  over  200  ohms  when 
cold),  and  it  will  iibaorb  about 
^A.  (10  wHtta,  This  is  iit  the  rate 
/  1^  \  "f  'ess  than  4  watta  per  candle. 
I  \  Used   ao,   it   will    lost    on    the 

I  I  average    over     1000    hours     of 

\  /  biirniiig.      Lamps  are  made   to 

've  equal  light  and  use  laas 
rreiit,  by  using  a  thinner  and 
shoL'ter  flhiirient ;  but 
then  they  do  not  last  so  long. 
The  surface  disintegrates  in 
time  if  forced  to  eniit  too  much  light.  The  power  required 
to  opei'ata  13  such  (tO-watt  lamps  will  be  720  watta,  or 
nearly  1  horse-power. 

The  following  table  gives  some  data  about  a  lO-candle 
50-VDlt  lamp  if  used  at  different  voltages. 


*aP     rati 


Fig.  23:. 


YoltB. 

Amper^l. 

Watts. 

powet. 

Watts  i,er 

ProtaWe 
llfclhunrrt. 

48 

0-77 

;!7 

S 

BO 

OKI 

■JO-.T 

10 

405 

1000 

E3 

0'87 

4G-4 

14-G 

3'a 

800 

OS 

0'92 

BO'B 

IS'5 

2-7 

480 

0-9il 

n7-6    . 

26 'B 

til 

ftf7 

" 

I'K 

150 

The  light  increases  as  about  the  sixth  power  of  the 
volts;  the  energy  consumed  is  only  as  the  second  power. 
Bat  raising  the  volts  a  little  short^tis  the'  life  enormously. 

For  special  lamps  of  larger  candle-power,  up  to  800  or 
1000,  thin  filaments  caonot  be  used.  In  these  flat  strips 
or  tiiick  wires  of  carbon  are  used ;  they  give  out,  for  equal 
expenditure  of  power,  much  less  light  than  an  arc  lamp. 


Fig.  238. 
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463.  Grouping  of  Glow-Lamps.  —  Glow-lamps  are 
usually  grouped  in  parallel  (Fig.  238)  between  mains 
kept  at  constant  voltage.  A  common  value  for  the 
difference  of  potential 
between  the  +  and  — 
mains  is  100  volts.  The 
current  in  the  mains 
subdivides  and  flows 
through  each  lamp  in- 
dependently. When  any  lamp  is  switched  on  it  does  not 
diminish  the  current  in  the  others,  but  by  opening  an 
additional  path  simply  causes  proportionately  more  current 
to  flow  from  the  source  of  supply.  The  method  of 
grouping  in  series  (Art.  168)  is  seldom  used  for  glow- 
lamps  ;  each  lamp  then  requires  an  automatic  cut-out  to 
prevent  the  rest  of  the  row  from  being  extinguished  in 
case  one  lamp  goes  out. 

Three-wire  systems,  in  which  a  third  or  neutral  wire  is 
introduced  between  the  +  and  the  —  main,  have  been 

devised  to  enable 
higher  voltages  to  be 
used,  and  thereby 
enable  twice  as  many 
lamps  to  be  lit  with 
little  additional  ex- 
penditure in  copper. 
To  render  the  lamps 
on   one   side    of   the 


Fig.  239. 


circuit  (Fig.  239)  independent  of  those  on  the  other, 
in  case  an  equal  number  do  not  happen  to  be  switched 
on  at  the  same  time,  the  middle  wire  (which  only  need 
be  thick  enough  to  carry  a  current  equal  to  the  difference 
between  the  currents  in  the  two  outer  wires)  is  carried 
back  to  the  station  and  kept  at  mean  potential  between  the 
two  outer  wires  by  the  use  of  two  dynamos  instead  of  one. 


CHAPTER  IX 

INDUCTANCE 

Lesson  XL.  —  Mutual  Induction 

454.  Mutual  Induction.  —  Mutual  induction  between 
two  circuits,  a  primary  and  a  secondary,  was  briefly 
considered  in  Art.  2:24.  Let  us  now  consider  the  electro- 
motive-forces so  induced.  Suppose  the  primary  coil  to 
have  Sj  spirals,  and  the  secondai*y  coil  Sg  spirals.  At 
first  let  them  be  so  aiTanged  (by  use  of  an  iron  core  or 
by  geometric  juxtaposition)  so  that  all  the  magnetic  lines 
evoked  by  the  primary  coil  pass  through  all  the  spirals  of 
the  secondary  coil ;  both  coils  being  placed  close  together 
upon  a  suitable  core  of  laminated  iron. 

By  Art.  377  the  magnetic  flux  due  to  current  C  in 
the  primary  coil  will  be 

N  =  47rCS/ilOZ, 

■where  Z  is  the  reluctance  (Art.  376)  of  the  magnetic 
circuit.  The  total  amount  of  cutting  magnetic  lines  by 
the  Sg  spirals  of  the  secondary,  when  current  C  is  turned 
off  or  on,  will  be 

SgN  =  dTrCSiSj/lOZ. 

Hence  it  follows  that  the  amount  of  cutting  of  mag- 
netic lines  (i.e.  the  induction  in  the  secondary  circuit) 
due  to  turning  on  or  off  10  amperes  (=1  C.G.S.  unit  of 
current)  in  the  primary,  will  be  4irSiS2/Z.     This  quantity 
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is  denoted  for  brevity  by  the  symbol  M.  If  the  primary 
and  secondary  coils  are  not  so  arranged  that  all  the  mag- 
netic lines  due  to  the  one  pass  through  the  spirals  of  the 
other,  then  M  will  have  a  less  value  than  4tTrS^S2/M. 

The  practical  unit  for  coefficients  of  mutual  induction 
is  the  same  as  for  those  of  self-induction,  namely  the 
henry  (Art.  354),  and  is  10^  C.G.S.  units.  Hence  to 
bring  M  to  henries  we  must  divide  the  above  value  by  10^. 

If  the  current  in  the  primary  is  varying  at  the  rate 
dC/dt^  the  electromotive-force  Eg  thereby  induced  in  the 
secondary  circuit  will  be 

E  =  -  M .  dC/dt, 

where  E  will  be  in  volts  if  M  is  expressed  in  henries,  C 
in  amperes,  and  t  in  seconds. 

The  value  of  M  for  the  small  induction  coils  used 
in  telephone  work  is  usually  about  0-01  henry;  for  a 
Ruhmkorff  coil  capable  of  giving  a  spark  10  centimetres 
long  it  may  be  as  much  as  5  henries. 

Example.  —  Suppose  in  a  spark-coil  the  value  of  M  is  8  hen- 
ries, and  the  primary  current  changes  by  an  amount  of 
1  ampere  in  one  ten-thousandth  of  a  second  (owing  to 
the  quick-acting  break) ,  the  electromotive-force  induced 
in  the  secondary  during  that  ten-thousandth  of  a  second 
will  be  80,000  volts. 

To  measure  a  coefficient  of  mutual  induction,  there  are 
several  methods,  some  of  which  depend  on  the  use  of  Wheat- 
stone's  bridge ;  but  the  best  method  is  one  due  to  Carey 
Foster.  In  this  the  quantity  of  electricity  discharged 
from  a  condenser  of  known  capacity  K  shunted  by  a  re- 
sistance p  in  the  primary  circuit  is  balanced  against  the 
quantity  discharged  in  the  secondary  circuit  by  regulating 
a  resistance  q  in  the  latter.     Then  M  =  Kpq. 

466.  Induced  Currents  of  Higher  Orders.  —  Joseph 
Henry,  an  independent  discoverer  of  magneto-electric 
induction,  discovered  that  the  variations  in  the  strength 
2h 
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of  the  Hecondary  current  could  induce  tertiary  currents 
in  a  third  closed  circuit,  and  that  variations  in  tbe  ter- 
tiary currents  might  induce  currents  of  a  fourth  order, 
and  80  on.  A  single  sudden  primary  current  produces 
two  secondary  currents  {one  inverse  and  one  direct),  each 
of  these  produces  two  tertiary  ctirrents,  or  four  tertiary 
currents  in  all.  But  with  alternating  or  periodic  there 
are  the  same  number  of  secondary  and  tertiary  fluctua- 
tions as  of  primary;  but  the  currents  of  the  second, 
fourth,  etc.  orders  will  be  inverse  in  the  direction  of  their 
Sow  to  those  of  the  first,  third,  fifth,  et«. 

466.  Lenz's  Law.  —  In  Art.  223  it  was  explained 
how  an  increase  in  the  number  of  magnetic  lines  through 
a  circuit  (as  by  pushing  in  a  magnet)  tended  to  set  up  an 
inverse  current,  or  one  flowing  in  such  a  direction  as  is 
opposed  to  the  magnetism.  Similarly  a  decrease  in  tbe 
magnetic  lines  (as  by  withdrawing  the  magnet)  tends  to 
set  up  currents  that  will  pull  tbe  magnet  back.  Again, 
in  Art.  379,  it  was  laid  down  that  a  circuit  traversed  by 
a  current  experiences  a  force  tending  to  niOTe  it  so  as  to 
include  the  greatest  possible  number  of  mag[ietic  linea-of- 
force  in  the  embrace  of  the  circuit.  But  if  the  num- 
ber of  lines  be  increased,  during  the  increase  there 
will  l>e  an  opposing  (or  negative)  electro  motive-force  set 
up,  which  will  tend  to  stop  the  original  current,  and 
therefoi'e  tend  to  stop  the  motion.  If  there  he  no  cui^ 
rent  to  begin  with,  the  motion  will  generate  one,  which 
being  in  a  negative  direction,  will  tend  to  diminish  the 
number  of  lines  passing  through,  the  circuit,  and  so  stop 
the  motion.  Lenz,  in  1834,  summed  up  the  matter  by 
saying  that  in  nil  case«  of  electromagnetic  induction  the  in- 
duced currents  have  giich  a  direction  that  their  renction  tends 
to  stop  the  motion  tphicli  proilucee  them.  This  is  known  as 
Lenz's  law:  it  is  a  particular  case  of  the  more  general 
law  applicable  to  all  eleotromagnetic  systems,  namely, 
that  eeery  action  on  Htich  a  sgslem,  which,  in  producing  a 
change  in  its  confiyuration  or  state,  involves  a  trana/orma- 
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Hon  of  energy,  sets  up  reactions  tending  to  preserve  unchanged 
the  configuration  or  state  of  that  system.  (Compare  Arts. 
204  and  379.) 

457.  Eddy-Currents  Induced  in  masses  of  Metal.  — 
In  1824  Gambey  found  that  a  compass-needlo  OvScillating 
in  its  box  came  to  rest  sooner  if  the  bottom  of  the 
box  were  made  of  metal  than  if  of  wood.  Araj^^o  in- 
vestigated the  matter,  and  found  a  copier  plate  under 
the  needle  most  effective  in  damping  its  motions.  lie 
then  rotated  a  copper  disk  in  its  own  plane  underneath  a 
compass-needle,  and  found  that  the  needle  was  dragged 
round  as  by  some  invisible  friction.  A  copper  disk  sus- 
pended over  a  rotating  magnet  was  found  to  be  dragged 
by  it.  Attempts  were  made  to  account  for  these  pheno- 
mena—  known  as  Arago's  rotations  —  by  supposing  there 
to  be  a  sort  of  magnetism  of  rotation,  until  Faraday 
proved  them  to  be  due  to  induction.  A  magnet  moved 
near  a  solid  mass  or  plate  of  metal  induces  in  it  currents, 
which,  in  flowing  through  it  from  one  point  to  another, 
have  their  energy  eventually  frittered  down  into  heat, 
and  which,  while  they  last,  produce  (in  accordance  with 
Lenz's  law)  electromagnetic  forces  tending  to  stop  the 
motion.  These  currents,  circulating  wholly  within  the 
metal,  are  called  eddy-currents.  If  a  cube  or  ball  of 
good  conducting  metal   be  set 

spinning  l)etween  the  poles  of  ^^^  "^^v. 

such  an  electromagnet  as  Fig.     '/jt^^jA  Jl  yk 

182,   and  the  current  be  sud-  ^  (4(1^^:''"''"      J^ 
denly  turned  on,  the  spinning    /^^^^^s^::',^:^^,,^^ 
metal    stops    suddenly.      In   a  fflL^^B^'"     ''^ 
copper  disk  revolving  l)etween  \ijji|iii^ 
the  poles  of  a  magnet  (Fig.  210)  y\^.  240. 

there  is  a  pair  of  edrlies  in  tlie 

part  passing  l>etwf;en  the  yx^iles,  and  these  currents  tend  to 
pull  the  disk  back.  In  fact,  any  conductor  moved  forcibly 
across  the  lines  of  a  magnetic  field  expr;rienoe.s  a  mechani- 
cal resistance  due  to  the  induced  currents  which  oppose 
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ita  motion.  I'oucault  showed  ■  that  if,  by  sheer  force,  a 
disk  be  kept  apinuing  tetweeti  the  poles  of  a,  xwwerful 
eleatromagnet  it  will  becomi;  hot  in  consequence  of  the 
eddy-cTiireuta  induced  in  it. 

The  eddy-current  drag  on  a  moving  conductor  (some- 
times called  the  magnetic  friction)  is  a  force  proportional 
to  the'  speed  and  proportional  to  the  square  of  the  mi^- 
netic  field ;  for  the  force  (Art.  340)  ia  proportional  to  Uie 
product  of  field  and  ourrent,  and  tlie  current  (circulating 
round  a  given  path)  ia  proportional  both  to  field  and  to 
speed.  Hence  eddy-current  drag  is  employed  in  some 
forms  of  electric  supply  meter  (Art,  MS)  to  control  the 
speed  of  the  moving  part. 

Alternating  electric  currents  also  set  up  eddy-curreiita 
in  masses  of  metal  near  them ;  for  this  reuson  the  iron 
cores  of  transformers  (Art.  480)  and  of  dynamo  arma- 
turcB  (Art.  463)  must  be  carefully  laminated,  otherwise 
there  will  he  heating  and  waste  of  energy. 

Further,  eddj-ourreuts  in  any  mnaa  of  metal  between 
a  primary  and  a  secondary  circuit  will  tend  to  set  up 
in  the  secondary  tertiary  electro  motive-forces  opposing 
ttinse  set  up  hy  the  primary.  Hence  interposed  sheets  of 
metal  act  as  inJueliun-SKreenii. 


Lessojj  XLI.  ^ — Self-lfuluclion 

458.  Self-induction.  —  It  has  been  pointed  out  in 
Art.  224  how  when  a  cm'rent  in  a  circuit  ia  increasing  or 
diminishing,  it  exercises  an  inductive  effect  upon  any 
neighbouring  circuit;  this  inductive  effect  being  due  to 
the  change  in  the  magnetic  field  surrounding  the  varying 
current.  But  since  the  magnetic  lines  surrounding  a 
current  may,  as  they  move  inwards  or  outwards  from  tlie 
wire,  cut  across  other  parts  of  the  lame  circuit,  it  ia  evident 

•asnco  louis  writere  oiU  Iha  eddj-turrenta  "FoBMult's  cuironlii." 
though  tLey  w«n  kuono  ;eiui  befora  iroucault's  eiparimeiilB  win  nuds. 
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that  a,  current  ma;  act  inductivel;  on  itself.  The  gelf- 
inductive  nction  is  great  if  the  circuit  consista  of  a  coil  of 
many  turns,  and  is  still  greater  if  the  coil  posBesses  an 
iron  core.  Suppose  a  coil  of  wire  to  possess  S  spirals,  and 
that  it  generates  a  magnetic  flux  through  these  spirals  of 
K  lines  when  current  C  is  turned  on.  Then  it  ia  clear 
that  turning  on  the  current  will  have  the  same  effect  as  if 
n  magnet  of  N  lines  were  suddenly  plunged  into  the  coi!', 
and  turning  off  the  current  will  have  the  same  effect  as  if 
the  m^net  were  suddenly  withdrawn.  Now  (Art.  225) 
the  cui'rent  induced  by  plunging  a  magnet  into  a  coil  is 
an  inverse  current  tending  to  push  it  out,  while  that 
induced  by  withdrawing  the  magnet  is  a  direct  ciiiTBnt, 
tending  to  attract  it  back.  It  follows  that  the  self- 
induced  eleotromotive-forca  on  turning  the  current  on  will 
t«iid  to  oppose  the  current,  and  prevent  it  growing  as 
quickly*  as  it  otherwise  would  do,  while  that  induced  on 
stopping  the  current  will  tend  to  help  the  current  to 
continue  flowing.  In  both  cases  the  effects  of  self- 
induction  is  to  oppose  change :  it  acts  as  an  electro- 
magnetic  ir, 

In  the  case  supposed  above,  where  the  coil  has  S  turns, 
the  total  cutting  of  magnetic  lines  in  the  operation  will 
=  S  X  N,  provided  all  the  lines  thread  through  all  the 
spirals.  Let  the  symbol  L  be  used  to  represent  the  total 
amount  of  cutting  of  lines  by  the  circuit  when  a  current 
of  1  ampere  is  suddenly  turned  on  or  off  in  it.  Clearly 
L  X  C  =  S  X  N.  This  quantity  L  is  called  "  the  induct- 
of  the  circuit.  It  was  formerly  called  "the 
coefficieiH  of  mlf-iniluctioii "  of  the  circuit.  The  unit  of 
induction  is  called  the  henry,  and  corresponds  to  a 
cutting  of  10'  magnetic  lines  wheii  1  ampere  is  turned  on 
roff. 

Since  (in  circuits  without  iron  cores)  H  is  proportional 
to  S,  it  follows  that  L  is  proportional  to  S".  Or  since 
(see  Art.  3T7)  N  =  4irOS/10i:,  and  the  total  cutting  of 
lines  by  the  S  spirals  (if  all  the  lines  pass  through  al!  the 
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I,  =  4,r.SVZ, 

which  may  he  expressed  in  lionriRB  by  diviJing  by  !()•. 
If  all  the  lines  do  not  pass  through  all  tlie  apirnla  the 
value  of  L  will  be  less  than  tliis. 

The  self-induced  electromotive-force  will  depend  upon 
the  rate  at  which  the  current  is  changing ;  for  if  the  total 
cutting  SH  take  plaije  in  time  (,  it  follows  (Art.  225) 

E  =  -  SN/i  -  -  LC/I. 
But  siuce  the  rate  at  which  the  cnrreiit  changes  ia  not 
uniform,  E  is  also  not  uniform.  If  in  an  elemetit  of  time 
lit  the  cui'reut  charges  by  an  amoiiut  dC,  the  rate  of  charge 
of  the  current  is  dC/dt,  and  the  self-induced  electroinotiva- 
foroeis  =  -  l.-dC/di. 

The  formal  defluitioa  of  the  henri/  (Art.  351)  is  based 
on  the  above  expression  in  order  that  it  may  apply  to 
circuits  with  iron  cores  as  well  as  to  circuits  without 

The  energy  of  the  magnetic  field  surrounding  the 
current  is  equal  to  jLC",  since  while  the  field  is  growing 
up  to  have  LC  lines  iii  total,  the  average  "value  of  the 
current  is  {C. 

To  measure  a  coefficient  of  self-induction  there  are 
several  methods :  — 

(o)  AUernate-Current  Melhod.  —  The  volts  V  required 
to  send  current  C  at  frequency  n  through  coil  having 
resistance    K    and    coefficient    of    self-induction    L    are 

V  =  C  VR'  -i-  4!r»n*L»i  or,  if  the  resistance  is  negligible, 

V  =2miCL,  whence  I.  ==  V/2n7iC  (see  Art.  472). 

(6)  Bridge  Methods.  —  Of  several  bridge  methods  the 
best  is  Maxwell's.  Let  balance  be  obtained  in  usual 
way;  key  in  battery  circuit  being  put  down  before  key 
ill  galvanometer  circuit  (Art.  415),   Then  press  the  keys  in 
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reverse  order,  when  the  presence  of  self-induction  in  one 
of  the  four  firnia  vdll  upset  balance,  the  needle  giving  a 
kick  a  proportional  to  the  self-induction.  Now  introduce 
in  the  same  arm  an  additional  small  resistance  r,  such 
that  when  keys  are  again  operated  in  the  usual  order 
there  is  a  small  permanent  deflexion  S.  If  the  periodic 
time  of  swing  of  the  needle  be  T  the  following  formula 
then  holds  :  — L  =  Tni/2n-S. 

(c)  Seeohmmeler  Method. — Ayrtonaiid  Perry  invented 
an  instrument  which  alternately  makes  and  breaba  the 
battery  circuit  of  the  bridge  and  only  allows  the  galvan- 
ometer to  he  in  operation  during  a  short  interval  of  time 
T  immediately  after  each  making  of  the  battery  circuit 
(the  galvanometer  at  other  times  being  short-circuited). 
As  the  current  ia  increasing  during  this  interval,  the 
Belf-induction  L  of  a  coU  placed  in  one  of  the  arms  of  the 
bridge  acts  as  though  there  were  an  additional  resistance 
r  in  that  arm.  The  formula  is  then,  L=Tr.  As  L  ia 
then  the  product  of  seconds  and  ohms,  Ayrton  and  Perry 
proposed  for  the  unit  (now  called  the  henry)  the  name 
of  iiecohm. 

459.  Effects  of  Inductance.  —  The  presence  of  in- 
ductance in  a  circuit  affects  the  currents  in  several  ways. 
The  special  choking-effecl  on  alternate  currents  is  dealt 
with  in  Art.  474.  The  effects  on  battery  currents  are 
also  important.  So  long  as  the  current  is  not  changing 
in  strengtii  inductance  has  no  effect  whatever;  but  while 
the  current  ia  starting  or  while  it  is  dying  away  the 
preaence  of  inductance  greatly  affects  it.  In  all  cases 
inductance  tends  to  oppose  any  change  in  the  strength  of 
the  current;  as  may  be  foreseen  from  Lienz's  law  (Art. 
456).  When  a  current  ia  increasing  in  strength  inducts 
ance  causes  it  to  increase  more  slowly,  Wiien  a  current 
is  dying  away  inductance  lends  to  prolong  it. 

The  existence  of  inductance  in  a,  circuit  is  attested  by 
the  Bo-ealled  extra-current,  which  makes  its  appearance 
as  a  bright  spark  at  the  moment  of  breaking  circuit.    If 
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the  circuit  be  a,  simple  one,  and  consist  of  a  straight  wire 
and  a  parallel  return  wire,  there  will  be  Utile  or  no 
inductance ;  but  if  the  circuit  be  coiled  up,  especially  it 
it  be  coiled  round  an  iron  core,  as  in  an  electron! agael, 
then  on  breaking  circuit  there  will  be  a  brilliant  sp&rk, 
and  a  person  holding  the  two  ends  of  the  wires  between 
which  the  circuit  is  brolien  niay  receive  a  shock,  owing  to 
the  high  electromotive-force  of  this  self-induced  extra 
currant.  This  spark  represents  the  energy  of  the  mag- 
netic field  Burrounding  the  wire  suddenly  returning  back 
into  the  circuit.  The  extrarourrent  on  "  making  "  circuit 
is  an  inverse  currant,  and  gives  no  spark,  but  it  prevents 
the  battery  current  from  rising  at  once  to  its  full  value. 
The  extrarcurrent  on  breaking  circuit  is  a  direct  current, 
and  therefore  keeps  up  the  strength  of  the  current  just 
at  the  momuut  when  it  is  about  to  cease.  To  avoid  the 
perturbing  elfects  of  inductance,  resistance-coils  are 
always  coiled  back  upon  themselves  (Art.  414). 

Even  when  a  circuit  consists  of  two  parallel  straight 
wires  there  is  a  magnetic  field  set  up  between  them, 
giving  inductive  reactions.  The  coefficient  of  self-induo- 
tkin  for  two  wires  of  length  I  and  radius  a  at  an  axial 
distance  b  apart  in  air  is 

where  L  is  in  henries;  n,  b  and  I  in  centimetres,  and  fi 
the  permeability  of  the  wii-e. 

460.  Helmholti' 8  Equation.  Time-constant.  —  From 
that  which  precedes  it  is  clear  that  whenever  a  current 
ia  turned  on  there  is  a  variable  period  wbile  the  current 
is  growing  up  to  the  value  which  it  will  reach  when 
steady,  namely  the  value  as  determined  by  Oiim's  law. 
But  during  the  variable  period  Ohm's  law  is  no  longer 
applicable. 

Von  Ileimiioltz,  who  investigated  mathematically  the 
efEect  of  self-ind  action  upon  the  strength  of  a  currenl^ 
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dudnced  the  following  important  equations  to  express  tlie 
I  relation  between  the  inductance  of  a  circnit  and  the  time 
'  reqaired  to  establish  the  current  at  full  strength :  — 

Let  lit  represent  a  very  short  interval  of  time,  and  let 
I  the  current  increase  during  that  short  interval  from  C  to 
f  dC.  The  actual  increase  during  the  interval  is  dC, 
and  the  rate  of  increase  in  strength  is  dC/dt.  Hence,  if 
the  inductance  be  L,  the  electromotive-force  of  BeK-iiiduo- 
tion  will  be  —  h<lC/dt,  and,  if  the  whole  reabtance  of  the 
circuit  be  R,  the  strength  of  the  opposing  extrarcurrent 


will  be 


L    rfC 


during  the  abort  interval  dl ;  and  hence 


■  the  aotua!  strength  of  current  flowing  in  the  ciiouit  during 
that  short  interval  instead  o£  being  (as  by  Ohm's  law  it 
■would  be  if  the  current  were  steady)  C  =  E/R,  will  be 


R     E     rf( 

To  find  out  the  value  to  which  the  current  will  have 
growii  after  a  time  (  made  np  of  a  number  of  such  small 
intervals  added  together,  requires  an  application  of  the 
integral   calculus,   which   at  once  gives  the  following 

c =!(.-.-), 

(where  c  is  the  base  of  the  natural  logarithms). 

Put  into  words,  thia  expression  amounta  to  saying  that 
after  a  lapaa  of  (  seconds  the  self-induction  in  a  circuit  an 
making  coutact  hm  the  effect  of  diminishing  the  Hrenglk  of 
Ike  current  hy  a  quantity,  ike  iogarilkm  of  whose  reciprocal  is 
iitveraely  proportional  lo  the  inductance,  and  directly  propor- 
tional to  the  Tetvitance  of  Ike  circuit  and  to  Ike  time  that  kat 
tlapied  since  making  circuit. 

The  quantity  L/R,  the  reciprocal  of  which  appears 
a  the  eipouential  expression,  is  known  as  "the  (ime-con- 
lanl"  or  "persistence"  of  the  circuit.    It  is  the  time 
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required  by  the  current  to  rise  to  a  certain  fraction,  namely 
(*-!)/«,  —or  0-634  —of  its  final  value. 

A  very  brief  consideration  will  show  that  in  those 
cases  where  the  circuit  is  so  arranged  that  the  inductance 
L  is  small  as  compared  with  the  resigtance  R,  so  that  the 
tiine-coiiBtant  is  small,  the  term  I  e  )  will  vanish  from 
the  equation  for  all  appreciable  values  of  t. 

On  the  other  hand  if  L  ia  great  compared  with  H,  the 
cun'eiit  during  its  growth  will  be  governed  almost  entirely 
by  the  itidiictaiice,  and  not  by  the  resistance  of  the 
circuit,  which  will  act  as  though  its  resistance  were 
=  LA 

Riaphionllj  depicted  in  Fig.  341,  in  which 
r  rise  (it  carrenC.  Consideracircaitbaving 
u,  L  =  10  henries.  The  steadycurronl  will 
be  10  amperes;  bnt  at  the  end 
cifl  Bpcond,  as  may  be  calculated 
by  Helnilioltz'B  equation,  the 
current  is  only  0*10  of  aa  am- 
pere 1  In  a  seconds  It  is  I'Sl, 
in  n  seennds  3't)S,  in  10  seconds 
li'Si  amperes  (see  cnrve  A).   At 


only  !l 


there  are  two  '■nr 
E^IOvoits,  R  = 


>nd  or  B 

amperes ,  Suppose 
now  we  IncreasB  the  resistance 
Xo  'i  obms,  and  reduce  the  in- 
ductaace  to  Q  henries.  The 
fiual  value  o(  the  current  will 
be  only  6  amperes  instead  of  10 ; 
but  it  will  rise  more  quickly  than  before  (see  curve  B),  At  the 
end  of  I  BBCand  it  will  he  1'(>4T  ampere,  in  2  aecnnda  S'TBS,  in  10 
BBcuuds  401  amperes.  Wa  conchiile  that  for  all  apparatus  that 
Is  required  Ui  lie  rapi<I-nctiug  (relays,  teleplninea,  chronographB, 
etc},  it  is  much  more  [niportant  to  keep  ilown  the  Induotanoe 
than  the  resistance  of  the  circuit.  We  also  see  that  the  rule  (Art. 
407)  so  often  );iven,  about  making  the  resistance  of  a  battery 
equal  Co  that  of  the  rest  of  the  clrcait,  is  quite  wrong  for  cases 
of  rapid  antloii.  If  the  circuit  has  self-iiiductiou  as  well  aa 
reslstuncH  theu  it  is  l>etter  to  group  the  cells  of  tlie  ImtCery  so 
as  tu  have  higher  resistance,  namely  put  them  all  io  series. 
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In  fact  everything  goes  on  as  tliough  at  time  (  after 
"  make "  there  were  two  currents-  flowing  in  opposite 
directions  at  once ;  one  tke  ordinary  current  flowing  from 
the  first  at  full  ati'engtli,  the  other  tlie  exti'SfCurrent 
having  the  value  —  -^t         ;  the  actual  current. lie iiig  the 

difference  between  the  two. 

At  "  break  "  of  circuit  everything  goes  on  as  if,  the 
ordinary  current  having  dropped  suddenly  to  zero,  there 
extra-current    having    the    value 
;  but  here,  since  there  is  introduced  into  the 
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circuit  a  resistance  of  unknown  amount  (the  resistance 
along  a  spark  being  indefinite),  the  calculation  becomes 
impracticable.  We  know  that  R  is  very  great ;  hence 
we  know  that  the  variation  will  be  more  sudden,  and 
that  the  aelf-iiiduced  E.&I.F.  at  "  break  "  is  much  greater 
'  than  that  at  "make."  The  self-induced  E.M.P.  would 
be  represented  by  the  expreaaiou  E,  =  Ec  -^/^.  This 
expression  should  be  compared  with  that  for  the  E.M.F, 
of  discharge  of  a  condenser  of  capacity  K  through  a 
resistance  R  (see  also  Art.  326),  which  is  V,  =  V.t-"''"'. 
From  this  it  appeal's  that  in  the  case  of  a  condenser  dis- 
charge KR  acts  as  the  time-constant  L/R  does  in  the 
case  of  seK-induction. 

The  actual  quantity  of  electricity  conveyed  by  the 
"eitra-current "  is  equal  to  that  which  would  be  con- 
veyed by  cmTent  of  strength  E/R  of  lasting  for  time 
L/R;  or  =  EL/H.".  At  the  "make"  of  the  circuit  the 
retardation  causes  the  flow  of  electricity  to  be  lessened 
by  the  amount  q  =  EL/R^.  The  energy  which  is  stored 
up  outside  the  wire  while  the  current  grows  up  from  0  (o 
its  final  value  C  is  equal  to,  J5E  =  ^LC*. 
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481.  Simple  Magneto-eiectric  Machinea.  —  Fara- 
day's discovery  of  the  induction  of  currents  in  wires 
by  moving  thetn  acrosB  a 
mn^etic  JicM  Buggested  the 
construction  of  nugneto- 
electric  mAchlnes  to  generate 
currents  in  place  of  voltaic 
batteries,  and  Faraday  him- 
self constructed  the  first  of 
such  machines  (Fig.  133)  in 
1S31.  In  the  early  attempts 
of  Pisii  (1S33),  Sarton, 
and  Clarke,  bobbins  of  insulated  wire  were  fixed  to  an 
axis  and  spun  rapidly  in  front  of  the  poles  of  strong  steel 
magnets.  But,  since  the  currents  thus  generated  were 
alternately  inverse  and  direct  currents,  a  cammulator 
(which  rotated  with  the  ooils)  was  fixed  to  the  axis  to 
turn  the  successive  currents  all  into  the  same  direction. 
Fig.  242  illustrates  the  plan  adopted  by  Sturgeon  in 
1836,  using  a  split  tube  of  copper  to  commute  the  con- 
nexion to  the  outer  circuit  at  each  half  lui-ii.  Tn  the 
flgwre  the  wire  coil  ia  supposed  to  be  spun  around  a  longi- 
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Fig  'MS 

i  rotating  between  the  polea 


tudinal  axis ;    the  upper  portion  coming  towards  the 

observer.     The  arrows  show  the  direction  of  the  induced 

curreata    delivered    bj    the 

commutator   to   the    contact 

springs  or  hraihes      The  httle 

magneto    electric    machines, 

etilt  sold  by  opticians,  are  on 

this  principle      Holmes  and 

Van     Malderea     conBtrnoted 

more  powerful  machines,  the 

latter  combmiiig  around  o 

axis  sixty-four  separate  coi 

of  forty  powerful  magnets. 

In  1856  Werner  Siemens  devised  an  improved  arma- 
ture, in  which  the  coils  of  wire  were  wound  shuttle-wise 
upon  a  grooved  iron  core,  which  concentrated  the  mag- 
netic lines  in  a  powerful  field  between  the  poles  of  a  series 
of  adjacent  ateel  magnets.  The 
next  improvement,  due  to  Wilde, 
was  the  employment  of  electrn- 
magneta  instead  of  steel  magnets 
for  producing  the  field  in  which 
the  armature  revolved ;  these 
electro-mi^neta  being  excited  by 
^  currents  furnished  by  a  small 
ausiliary  m^neto-electric  ma- 
chine, also  kept  in  rotation.  If 
instead  of  commuting  the  cur- 
rents  tlie  ends  of  the  revolving 
coil  are  connected  to  a  pair  of  contact  rings,  on  each  of 
which  presses  a  brush,  the  maciiine  will  deliver  alternate 
currents.  Fig.  243  illustrates  a  primitive  form  of  attei'- 
nator.  It  will  be  seen  that  if  the  induced  E.M.F.  in  the 
wires  as  they  move  past  the  N  pole  towai"da  the  obaerver 
is  from  left  to  right,  the  two  contact  ringa  will  alternately 
become  -H  and  —  at  each  half  turn, 

462.  Dynamo-electric  Hachinea. — The  n&tae  dynamo- 
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tieclric  nwciijie,  or,  briefly,  dynamo,  is  given  to  any 
machine  for  converting  mechanical  power  into  electrical 
power  by  the  operation  of  producing  relative  motion 
between  magnets  and  Gonductors.  The  part  wtiioii  acta 
as  magnet  is  termed  the  Jield-maijnet.  In  continuous-cur- 
rent generatora  it  uaually  stands  still ;  in  some  alternators 
it  is  made  to  revolve.  Its  function  is  to  provide  a  large 
number  of  magnetic  lines.  The  part  which  acta  as  the 
active  conductor,  cutting;  the  Tnagnetic  linoa  and  having 
electromotive-force  induced  in  it  is  termed  the  nrmalure. 
In  continuous-current  generators,  the  armature  revolves 
between  the  poles  of  tlie  field-magnet.  In  some  alterna- 
tors it  is  stationary.  In  the  early  machines  the  magnet- 
ism of  the  field  magnets  was  independently  excited. 
Various  suggestions  were  made  by  Iljorth,  Murray,  S.  A. 
Varley,  and  others  to  use  the  currents  generated  in  the 
armature  to  excite  the  field-magnets.  This  was  done  in 
1867  by  Varley,  Werner  Siemens,  and  Wheatstone;  the 
small  current  induced  by  the  feeble  residual  magnetism 
being  sent  around  the  electromagnet  to  exalt  its  magnet- 
ism, and  prepare  it  to  induce  still  stronger  currents.  To 
machines  so  rendei-ed  self-eieiting  Werner  Siemens  gave 
the  distinguishing  name  of  dynamo-electric  machines  or 
generators,  to  distinguish  them  from  the  generators  in 
which  permanent  steel  magnets  are  employed.  In  either 
case  the  current  is  due  to  magneto-electric  induction  ;  and 
in  either  case  also  the  energy  of  the  currents  so  induced 
is  derived  from  the  dynamical  power  of  the  steam-engine 
or  otier  motor  which  performs  the  work  of  moving  the 
rotating  coils  of  wire  in  the  magnetic  field.  But  the 
name  has  been  extended  to  all  generatora,  whether  self- 
exciting  or  not.  In  all  of  them  the  electroraotive-force 
generated  is  proportional  to  the  number  of  turns  of  wire 
in  the  rotating  armature,  aud  to  the  speed  of  revolution. 
When  currents  of  small  eleotroraotive-force,  but  of  con- 
siderable strength  are  required,  as  for  electroplating,  the 
rotating  aruiatui'eB  of  a  generator  must  be  made  with 
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amall  internal  reaistanoe,  and  therefore  of  a,  few  turns  oi 
atout  wire  or  ritbon  of  sheet  copper.  For  producing 
currenbt  at  a.  high  electroiimtivs-force  the  armature  must 
consist  of  many  turns  of  wire  or  of  rods  of  copper  suitably 
connected,  and  it  must  revolve  in  a  very  powerful  mag- 
netic field. 

483.  Continnous-cuirent  Dynamos.  —  Tlie  dynamos 
of  different  makers  differ  in  the  design  of  their  field- 
magneta  and  in  the  means  adopted  for  securing  conti- 
nuity in  the  induced  currents.  Most  continuous -current 
dynamos  iiave  a  simple  field-magiiet  with  two  poles : 
.but  many  large  machines  are  made  with  four,  six,  or  eight 
poles.  But  the  modern  armature  is  complex.  A  simple 
coil, such  as  Fig.  242,  with  its  2-part  commutator  will  not 
yield  a  steady  current;  for  twice  in  each  revolution  the 
E.M.F.  diea  away  to  zero.  The  coils  must  be  grouped  so 
that  some  of  them  are  always  active.  In  most  dynamos 
the  armature  winding  is  constructed  as  a.  closed  coU, 
the  wire  being  wound  on  a  ring  core  of  iron  (Pacinotti's 
core  with  teeth,  Gramme's  core  without  teeth),  or  as  a 
rfnini  over  a  cylindi-ical  core  (Siemeas's  or  Von  Hefner's 
plan),  or  having  the  coils  arranged  flat  as  a  rfinfc 
(Dearozier's  plan).  In  all  these  cases  the  convolutions  are 
joined  up  so  that  (like  the  ring  winding  bi  Fig.  ISO)  the 
coil  is  endless.  U  the  current  is  brought  in  at  one  side 
of  such  a  coil  and  taken  out  at  the  other  side  there  will 
be  two  paths  through  the  coil.  As  the  coil  spins  between 
the  poles  of  the  magnet  tlie  electromotire-forces  induced 
in  the  ascending  and  descending  parts  will  tend  to  send 
the  currents  in  parallel  through  these  pai-ts ;  and  con- 
sequently  contact-brushes  must  be  set  to  take  off  the 
currents  from  the  revolving  coils  at  the  proper  places. 
The  brashes  are,  however,  set  in  contact  uot  with  the 
coils  themselves  but  with  a  commuiatiir.  Fig.  244,  consist- 
ing of  a  number  of  copper  bars,  insulated  from  one 
another,  and  joineil  on  to  the  arinature  coil  at  regular 
intervals.    Consider,  for  example,  a  Urammo  ring  loade 
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as  it  were  of  a  number  of  bobbins  wound  upon  a  ring 
core  of  iron  wire.  Each  bobbin  constituteB  oue  section  oi 
the  winding,  and  they  are  all  joined  together,  the  end  of 
one  Beetion  to  the  beginning  of  tlie  next,  and  each  such 
junction  ia  joined  down  to  a  bar  of  the  commutaitor. 
The  current  cannot  pass  from  one  bar  uf  the  commutator 
to  the  next  without  traversing  the  intervening  section  of 


itf.  MS. 

the  windings.  The  commutator  revolves  with  the  arma- 
ture j  while  the  brushes,  which  are  clamped  in  suitable 
holders,  press  against  its  surface,  and  are  set  in  such  & 
position  that  the  current  passea  into  them  with  as  little 
sparking  as  possible.  It  ia  found  that  to  prevent  spark- 
ing the  brushes  must  be  set  a  little  in  advance  of  the 
diameter  that  is  symmetrical  between  the  poles ;  for  the 
current  in  each  section  of  the  winding  ia  reversed  ns  it 
passes  under  the  brush,  and  for  sparklesa  reversal  needs  to 
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be  moving  a.t  that  instant  in  a  magnetic  field  of  sufficient 
strength.  The  carrent  in  the  armature  exercises  a  mag- 
netiiiing  action,  and  teuda  to  distort  the  magnetic  field  in 
the  direction  of  the  rotation.  To  prevent  serious  distor- 
tion and  sparking,  the  field-niaguet  is  made  very  powerful 
and  massive.  The  "  brushes  "  that  receive  the  current 
were  originally  bundles  of  springy  wires :  in  modern 
machines  they  are  built  up  of  copper  strip  or  copper 
gauze,  or  cousist  of  smaU  blocks  of  carbon.  Fig.  245  de- 
picts a  modern  type  of  dynamo,  having  a  vertical  magnet 
of  massive  wrought  iron  magnetized  by  currents  flowing 
iu  coils  wound  upon  tlie  two  linibii.  Below,  between  the 
polar  surfaces  which  are  boi'ed  out  to  receive  it,  is  the 
revolving  armature  (in  this  case  a  drum-armature)  with 
the  commutator  and  brushes.  Tlie  core  of  the  ariBature 
is  built  up  of  thin  iron  disks  lightly  insulated  from  one 
another,  to  prevent  eddy-currents. 

All  continuous-current  dynamos  will  run  as  wotora 
(Art.  443),  if  supplied  with  current  at  the  proper 
voltage. 

Foi  fuller  descriptionB  of  dynamos,  and  teubnlcal  details  of 
coDBtruotinn,  the  reader  U  referred  to  the  author's  treatise  on 
Dynamo-eUctric  Machinery. 

464.  Dynamo  Calculations.  —  In  a  2~pole  dynamo 
if  n  be  the  total  number  of  [nagnetic  lines  sent  bj  the 
field-magnet  through  the  armature,  S  the  number  of  wires 
or  conductors  in  series  ou  the  armature,  counted  all 
round,  and  n  the  number  of  revolutions  per  second,  the 
electromotive-force  generated  by  the  spinning  armature 
will  be 

for  the  cutting  per  secoud  of  magnetic  lines  is  proportional 
to  each  of  these  three  quantities,  and  vie  divide  by  10'  to 
bring  to  volts.  Aa  with  batteries  (Art.  171),  so  with 
dynamos,  if  there  \a  an  iulernal  resistauce  r,  the  available 


ELECTRICITV   AND   MAGNETISM      paht  i 


volts  at  tlie  terminals  V  will  be  leas  than  the  whole  volta 
generated  by  an  amount  aqua!  to  rC,  the  lost  volts. 


Aa  the  electrical  efficiency  of  the  maohine  is  the  ratio 
V/R,  it  ia  evident  that  r  should  lie  sa  low  lis  possible. 

Etamplf..  —  k  dynam  I)  having  H  =  7,170,000, 8  =  120,  nmnlug 
at  TtiO  reva.  per  luin.  [=  13  reva.  jier  sea.)  will  gonetata 
an  electromotive-fuTce  of  111  volts.  If  r  — 0033  ohm, 
thenwhenC  =  3inarapeiea,rC  =  T  volts.   Hence  V  =  10* 

The  current  C  which  a  dynamo  yields  depends  on  Uie 
resistance,  etc.,  of  the  circuit  it  supplies.  The  niaximiuu 
current  it  can  supply  is  limited  by  aevei*al  considerations, 
such  as  the  heating  of  its  parts,  tlie  spai'kitig  at  the 
braahea,  which  becomes  serious  if  too  much  current  is 
dravrn  from  the  maohine,  the  mechanical  strength  of  its 
parts,  and  also  the  power  of  the  driving-engine. 

The  grosg  output  of  a  dynamo  is  the  number  of 
amperes  multiplied  by  the  total  electromotive-force  gene- 
rated, or  CE.  The  nett  output  is  the  number  of  aniperea 
multiplied  by  the  volts  at  terminals,  or  CV.  These  num- 
bers are  turned  to  horse-power  by  dividing  by  748. 

The  conimerciiit  efficiency  of  a  dynamo  ia  the  I'atio 
between  the  nett  output  and  the  mechanical  power  ap- 
plied to  diive  the  machine. 

All  the  armature  conductors  of  a  dynamo  are  subject, 
when  the  machine  is  rutining,  to  a  mechanical  drag  op- 
posing the  rotation.  This  is  due  to  the  action  between 
the  magnetic  field  and  the  current  (Art.  340). 

A  little  power  is  wasted  by  eddy-currents  {Art.  457), 
and  by  hysteresis  (Art.  368)  in  the  armature  core,  and 
also  a  little  by  eddy-currents  (Art.  463)  in  tlie  moving 
masaea  of  metal,  so  diminishing  the  efficiency;  but  iii 
well-constructed  machines  such  losses  are  slight. 

To  calculate  the  field-magnet  windings  the  foruiulaa  of 
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Arts.  377  and  390  must  lie  applied  (se 
Chap.  v.). 

466.  Excitation  of  Fiold-Magnets.  —  There  are  sev- 
eral modes  of  esciting  l.lie  iii^nettsni  of  the  field-mag- 
nets, giving  rise  to  the  following  clasaifi cation :  — 

1.  Magneto  Machine,  with  permanent  steel  magnets. 

2.  Separaiely-exeiteii  Dynamo ;  one  in  which  the  cur- 
rents used  to  excite  the  field-iiiagneta  are  furnished  by  a 
separate  machine  called  an  "exciter." 

S  'i  pa  a  -c  Dip  Q  n  wi  h  a  separate  eo  wound 
o    the  aftna  u  e  to  g  ne  ate  the  ex      ng    u    e  t. 

4    Sen     Dipia        whe  h  of      e  fie  d  mag 

net  are    n  se  e         h    h    e  of      e  a  ma  u  e  a  d  the 
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I.  and  consist  of  a  few  turns  of 


external  circuit  (Fig.  5 
thick  wire. 

5.  Shiinl-Dg-nainn,  in  which  the  coils  of  the  field- 
magnet  form  a  shunt  to  the  main  circuit;  and,  being 
made  of  many  turns  of  thin  wire,  draw  oft  only  a  small 
fraction  of  the  whole  current  (Fig.  247). 

6.  Ciinipounil-D;/namo,  partly  excited  by  shunt  ooila, 
partly  by  aeries  coils  (Fig.  248). 

The  last  three  modes  are  illustrated  in  the  accompany- 
ing diagrams.  Each  variety  of  winding  has  certain 
advantages  depending  on  conditions  of  use. 
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466.  Characteristic  Cnrves.  —  To  study  tlie  behav- 
iour of  various  types  of  dynamo,  Ilopkinaon  devised 
the  method  of  characteratic  caret),  wherein  the  two  ele- 
jiieuteof  output— the  volt«  and  the  amperes — are  plotted 
out  It  a  series-dynamo  is  examined  with  amperemeter 
a,nd  voltmeter,  while  run  at  constant  speed  on  various 
loiidH,  itH  performance  will  be  found  to  give  a  curve  like 
OQV  in  Fig.  240,  wliere  the  eicternal  volts  are  plotted 
vertically,  the  amperes  hori- 
zontally. This  curve  is  the 
external characterfttic.  The 
volts  rise  as  the  current  is 
increased,  because  of  the 
increase  of  magnetization, 
but  when  this  is  near  satura- 
tion they  fall  again  because 
of  internal  resistance  and 
sundry  reactions.  At  any 
"  Fin  MB    '"  '    P"'"'  ^'"^h  ^  Q  ^''s  rasiat- 

ance  of  the  external  circuit 
is  represented  by  the  slope  of  the  line  QO  (i.e.  by  the  trig- 
onometrical tinigeut  of  the  angle  QOX),  since  tan  QOX 
ia  equal  to  QM/OM  (  =  the  volts  divided  by  the  amperes). 
If  line  O.I  be  drawn  so  that  tan  JOX  is  equal  to  the 
internal  resistance,  then  MN  will  represent  the  lost  volla 
when  the  current  =  OM.  Adding  to  QM  a  piece  PQ  = 
MN,  we  obtain  PM  as  the  cbrresponding  value  of  the 
total  electromotive-force.  In  this  way,  from  the  curve 
OV  we  can  construct  the  total  charaotaristic  OE.  It  will 
be  evident  that  if  the  total  resistance  {i.e.  the  slope  of  the 
line  OP)  be  increased  P  will  come  down  the  curve  toward 
O,  and  there  will  l>e  a  certain  point  at  which  any  further 
increase  in  the  slope  will  produce  a  sudden  drop  of  volts 
and  amperes  to  almost  zero.  This  is  a  peculiarity  of  series- 
machines;  when  running  at  a  given  speed  they  ceaae  to 
yield  any  current  if  the  resiatauce  exceeds  a  certain  criti- 
cal value,  depending  in  each  machine  on  its  coiiatniotion. 
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Far  a  shuni-dynamo  the  characteristic  has  a  different 
form.  When  the  machine  ia  on  open  circuit,  giving  no 
current  externally,  the  shunt  circuit  is  fully  at  work 
exciting  the  magnet.  The  curve  YV  of  volta  at  ter- 
minals begins  at  a  high 
yalue,  and  as  the  current  is 
increased  by  diminishing 
the  resistance,  the  voltage 
gently  falls.  Part  of  this 
drop  ia  due  to  internal  resists 
ance ;  part  is  due  to  arma- 
tnre  reactions  and  magnetic 
distortion ;  and  part  to  the 
reduction  of  the  shunt 
current.  If,  as  before,  we  " 
draw  OJ  to  represent  by  ita 

slope  the  internal  resistance,  we  can  find  the  lost  volts  MN 
and  add  these  on  above  Q,  so  obtaining  P,  a  point  on  the 
total  electromotive-force  carve.  This  also  drops  slightly. 
If  a  shunt-dy[iamo  be  shoi-tHsircuited,  its  magnetism  is  at 
once  reduced  to  almost  zero.  To  regulate  the  voltage  of 
a  shuutdynamo  a  suitable  rheostat  (Fig-  206}  may  be 
introJuoed   into  its  shunt  circuit,  to  vary  the  esciting 

467.  Constant  Voltage  MachineB.  —  For  glow-lamp 
lighting,  machines  are  needed  that  will  maintain  the 
voltage  constant,  whether  the  current  going  to  the  mains 
be  small  or  lai^e.  The  current  that  flows  out  of  the 
machine  will  regulate  itself  exactly  in  proportion  to  the 
demand ;  more  Bowing  when  more  lamps  are  turned  on, 
provided  the  potential  difference  between  the  mains  is 
kept  constant.  For  this  purpose  neither  a  series-dynamo 
nor  a  shunt-dynamo  (driven  at  a  constant  speed)  will 
suffice ;  though  hy  hand-regulation,  as  above,  a  shunts 
dynamo  may  be  used.  It  will  be  noted  that,  while  in 
shunt-machines  the  characteristic  drops  as  the  current 
is  increased,  in  series-machiues  the  curve  rises.    Conse- 
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quently,  by  using  a  componnd-winding,  coDBisling  of  a 
^unt- winding  (to  give  the  proper  voltage  an  open 
circuit)  and  a.  few  coils  of  thick  wire,  iu  series  with  the 
main  circuit  (to  raise  the  excitation  ia  proportion  to  the 
output),  the  voltagu  may  be  kept  remarkaibly  constant. 
By  oeer-compounding  vtith  more  series  wiiidiugs  the  dy- 
namo may  be  mode  to  maintain  a  constant  voltage  at 
some  distant  point  in  tlie  circuit. 

468.  Constant  Current  Machines  —  Series  Lighting. 
—  To  muintuin  an  unvaryiiig  curi'ent  iu  a  series  of 
lamps,  as  is  frequently  wanted  for  lighting  with  are 
lamps  (Art.  41S),  special  dynamos  are  used-  known  as 
arc-lighting  machines.  The  best  known  of  tliese  ate  the 
Bruah  and  the  Thomson-noustou  dynamos.  Both  have 
open-coil  armatures  (in  which  the  coils  are  not  grouped 
in  a  closed  circuit),  with  special  commutators,  and  auto- 
matic devices  to  regulate  the  output,  the  one  by  shunting 
the  exciting  current,  the  other  by  sliiftiiig  the  brushes. 
The  current  may  thus  be  kept  at  10  amperes,  while  the 
volts  change  (according  to  the  number  of  tamps  iu  circuit) 
from  60  to  aOOO  or  moje. 

439.  Unipolar  Machines.  —  There  ia  anotlier  class 
of  dyiiarno-electrlu  inacliiiiea,  differing  entirely  from  any 
of  the  precediijg,  iu  whicli  a  coll  or  otiier  movable  con- 
ductor slides  I'ound  one  pole  of  a  magnet  and  cuts  the 
magnetic  lines  in  a  continuous  maimer  witliout  any  re- 
versalH  in  the  direction  of  the  induced  currents.  Such 
machines,  sometimes  called  "  uui-polar  "  machiues,  have, 
however,  very  low  electro  motive-force,  and  are  not  prac- 
tical.   Faraday's  disk-machine   (Fig.  V62)  belonged  to 


this  class. 


470.  Periodic  CurrentB.— We  have  seen  that   the 
revolving  of   a  simple  coil  in  a  magnetic  held  sets  up 
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electromotive-forces,  which  change  in  direction  at  every 
half-torn,  giving  rise  to  alternate  currenls.  In  eacli  whole 
revolution  there  will  be  an  electromotive-force  which 
riaes  to  a.  luaximum  and  then  dies  away,  followed  inune- 
djately  by  a,  reversed  electro  motive-force,  which  also 
grows  to  a,  maxiiuum  and  then  dies  a.way.  Each  such 
complete  set  of  operations  is  called  a  period,  and  the 
number  of  periods  accomplished  in  a  second  is  called  the 
freqaency  or  periodicity  of  the  altemations,  and  is  symbol- 
ized by  the  letter  n.  In  2-pole  machines  n  is  the  same  as 
the  number  of  revolutions  per  second ;  but  in  multipolar 
machines  n  is  greater,  in  proportion  to  the  number  of  pairs 
of  poles.  By  revolving  in  a  "uniform  field  the  electro- 
motive-forces set  up  are  proportional  to  the  sine  of  the 
angle  through  which  the  coil  has  turned  from  the  posi- 
tion in  which  it  lay  across  the  field.  If  in  tliis  position 
the  fluK  of  magnetic  lines  through  it  were  H,  and  the 
number  of  spirals  in  the  coil  that  enclose  the  H  lines  be 
called  S,  theu  the  value  of  the  induced  electromotive- 
force  at  any  time  t  when  the  coil  has  tiu'ned  through 
aiLgle(9C=27r7iO  will  be 

Ee=2^rHS^sille-^10^ 
or,  writing  D  for  2imSIT/10",  we  have 
E«  ^  D  sin  0. 
In  actual  machines  the  magnetic  fields  are  not  uni- 
form, nor  Che  coib  simple  loops,  so  the  periodic  rise  and 
fall  of  the  electromotive-forces  wiU  not  necessarily  follow 
a  simple  sine  law.      The  form  of  the  impressed  waves 
will  depend  on  the  shape  of  the  polar  faces,  and  on  the 
form   and  breadth  of  the  coils.     But  in  most  eases  we 
are  sufficiently  justified  in  assuming  that  the  impressed 
electromotive-force  follows  a  sine  law,  so  that  the  value 
at  any  instant  may  be  expressed  in  the  above  form,  where 
D  is   the   maximum  value  or  amplitude  attained   by  E, 
and  B  an  angle  of  phase  upon  an  imaginary  circle  of 
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reference.  Consider  a  point  P  rerolvinj^  clock-wise  roand 
a  circle.  If  the  radius  of  this  circle  bo  taken  aa  unity, 
PM  will  be  the  sine  of  the  angle  6,  as  nieaaured  from  0°. 
Let  the  circle  be  divided  into  any  nnniber  of  equal  angles, 
and  let  the  sines  Ik  drawn  similarly  for  each.  Then  let 
these  sines  be  plotted  out  at  equal  distances  apart  along 
tlie  horizontal  line,  as  in   Fig.  251,  giving  us  the  sine 

In  Fig.  251  one  revolution  of  P  aronnd  the  circle  of 

reference  oorreaponds  to  one  complete  alternation  or  cyole 


of  changes.  The  value  of  the  electromotive-force  (which 
varies  between  +  1)  and  —  D  as  its  maximum  values) 
may  Ite  represented  at  any  moment  either  by  the  sine 
PM  or  by  projectiug  F  on  to  the  vertical  diameter,  giving 
OQ.  As  P  revolves,  the  point  Q  will  oscillate  along  the 
diameter. 

The  currents  which  result  from  these  periodic  or 
alternating  electromotive-forces  are  also  periodic  and 
alternating ;  titey  increase  to  a  maximum,  then  die  away 
and  reverse  in  direction,  inci'ease,  die  away,  and  then 
reverse  hack  again.  If  the  electromotive-force  completes 
lOU  such  cycles  or  reversals  in  a  second,  so  also  will  the 
current. 

471.  Virtual  Volts  and  Virtual  Amperes.  —  Meas- 
uring instruments  for  alternate  currents,  such  aa  elec- 
tro-dynamometers  (Art.  395),  Cardew  voltmeters   (Art. 


LAG  AND   LEAD 


430),  and  electrostatic  Toltmeteva  (Art.  890)  do  not 
measure  the  aritlimetica.!  avera^  values  of  the  amperes 
or  Yolta.  The  readings  of  these  instruments,  if  first 
calibrated  by  the  use  of  continuous  currents,  are  the 
square  roots  of  the  means  of  the  squares  of  the  values. 
They  measure  what  are  called  virtual  amperet  or  virtual 
volls.  The  mean  which  they  read  (if  we  assume  the 
currents  and  voltages  to  follow  the  sine  law  of  variation) 
is  equal  to  0707  of  the  maximum  values,  for  the  average 
of  the  squares  of  the  sine  (taken  over  either  I  quadrant 
or  a.  whole  circle)  is  ^ ;  hence  the  square-root-of-mean- 
square  value  is  equal  to  1  -^  Va  times  their  maximum 
value.  If  a  voltmeter  is  placed  on  an  alternating  circuit 
in  which  the  volts  are  oscillating  between  maxima  of 
+  100  and  -  100  volta,  it  will  read  70-7  volts;  and  70-7 
volts  continuously  applied  would  be  required  to  produce 
an  equal  reading.  If  an  alternate  current  amperemeter 
reads  100  amperes,  that  means  that  the  current  really 
rises  to  +  141-4  amperes  and  then  reverses  to  —  141-4 
amperes;  hut  the  effect  is  equal  to  that  of  100  continuous 
amperes,  and  therefore  such  a  current  would  be  described 
aa  100  virtual  amperes. 

472.   Lag  and  Lead.  —  Alternating  currents  do  not 
always  keep  step  witli  the   altei-nating  volts  impresBed 


upon  the  circuit.  If  there  is  inductance  in  the  circuit 
the  currents  will  lag :  if  there  is  capacity  in  the  circuit 
they  will  lead  In  phase.  Fig.  232  illustrates  the  lag  pro- 
duced by  inductance.     The  impulses  of  current,  repre- 
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Bented  by  the  blacker  lino,  ocjour  a  little  later  than  those 
o£  the  volts.  But  inductance  has  another  effect  of  more 
importance  than  any  retardation  of  phase ;  it  produces 
reactions  on  the  electromotive-force,  ctokiug  the  current 
down.  While  the  current  is  inereaaing  in  strength  the 
reactive  efEect  of  induetaace  tends  to  prevent  it  rising. 
To  produce  a  current  of  -10  amperes  in  a  resistance  of  IJ. 
ohms  would  require  —  for  continuous  ourrenta  —  an 
E.M .  F.  of  60  volts.  But  an  alternating  voltage  of  60  volts 
will  not  be  enough  if  there  is  inductance  in  the  circuit 
reacting  against  the  voltage.  The  matter  is  coniplicated 
by  the  circumstance  that  the  reactive  impulses  of  electro- 
motive-force are  also  out  of  step ;  they  are  in  faut  exactly 
a  quarter  period  behind  the  current.  If  an  alternate  cur- 
rent of  C  (virtual)  amperes  is  flowing  witli  a  frequency 
of  n  cycles  per  second  through  a  circuit  of  inductance  L, 
the  reactive  electromotive-force*  vfill  be  2wnLC  (virtual) 
volts.  If,  for  example,  L  =  0-002  henry,  n  =  50  periods 
per  second,  aud  C  ^  40  amperes,  the  reactive  electromo- 
tive-force will  be  25'1  volts.  Now  if  we  wish  to  drive 
tbe  40  (virtual)  amperes  not  oidy  through  the  resistance 
of  1  ^  ohms  hut  against  this  reaction,  we  shall  require  more 
than  00  volts.  But  we  shall  not  require  80  +  25-1  volts, 
since  the  reaction  is  out  of  step  with  the  current.  Ohm's 
law  is  no  longer  adequate.  To  find  out  what  volts  will 
be  needed  we  have  recourse  lo  geometry. 

Plot  out  (Fig.  263)  the  wave-form  OAW,  to  correspond 
to  the  volts  necessary  to  drive  the  current  through  the 
resistance,  if  there  were  do  inductance.  The  ordinate 
aA  may  be  taken  to  scale  as  80.  This  we  may  call  the 
current  curve.  Then  plot  out  the  curve  marked  —  pLC 
to  represent  the  volts  needed  to  balance  the  reaction  of 

•  This  ti  calculilol  oa  foJlowi.    From  Art  15S.    E^LdO/M.    Now  C 
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the  inductance.  Here  p  is  written  for  2im.  The  ordi- 
nate at  O  is  35'1;  and  the  curve  is  shifted  back  one 
quarter  of  the  period ;  for  when  the  current  is  iiicreaBing 
nt  iti<  gi'eateat  rate,  as  at  O,  the  self -indue  tiye  action  is 
greatest.     Then   coiiipound   these  two  curvea  by  adding 


their  ordinates,  and  we  get  the  dotted  carve,  with  its 
niaxinunn  at  V.  This  is  tile  curve  of  the  volts  that  must 
he  impressed  on  the  circuit  in  order  to  produce  the  cur- 
rent. It  will  be  seen  that  the  cuii'ent  curve  attains  its 
inaximum  a  little  after  the  voltage  curve.  The  current 
lags  in  phase  behind  the  volts.  If  Od 
is  tlie  time  of  one  complete  period,  the 
length  va  will  represent  the  time  tliat  - 
elapses  between  the  maxima  of  volts 
and  amperes.  In  Fig.  254  the  f 
facts  are  represented  in  a  involving 
diagram,  of  the  same  sort  as  Fig.  251. 
The  line  OA  represents  the  working 
volta  R  X  C,  whilst  the  line  AD  at  right  8 
represents  the  self-induced  volts  pLO.  Compounding 
these  as  by  the  triangle  of  forces  we  have  as  the  im- 
pressed volts  the  line  OD.  The  projections  of  these  3 
lines  on  a  vertical  line  while  Oie  diagram  revolves 
around  the  centre  O  give  the  instantaneous  values  of 
the  three  quantities.  The  angle  AOD,  or  tj).  by  which 
the  current  lags  behind  the  impressed  volts  is  termed  the 
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angle  of  lag.  However  great  the  iriduotanoe  or  the  fro- 
quenoj,  angle  <^  can  never  be  greater  thau  90".  It 
OA  is  00  and  AD  is  25-1,  OD  will  be  65  volts.  In 
symbols,  the  impressed  volts  will  have  to  be  such  that 
E"  =  (RC)»  +  (/.LCJ'.     This  gives  us  the  equation  :  — 


VRT 


p^L^ 


commonly  called 


The  denominator  which  ci 
the  impedance . 

473.   Maxwell's   Law. —  hi  Figs.  255  and  256  the 
angle  of  lag  is  seen  to  be  such  that  tau  ^  =  pLC/RC  or 


=  ;iL/R.  And  it  is  evident  that  the  effect  of  the  induct- 
ance is  to  make  the  circuit  act  as  if  its  resistance  instead 
of  being  K  was  increased  to  VK"-|- ii*l-'.  '"  f""^*  ^^  alter- 
nate onrrent  is  governed  not  by  tb«  i-esistance  of  the 
circuit  but  by  its  impedance.  At  the  same  time  the  cur- 
rent is  lagging  as  if  the  angle  of  reference  were  not  $  but 
5  —  ^,  BO  that  the  equation  for  the  instantaneous  values 
of  C,  when  E  =  11  sin  0,  is 

This  is  Maxwell's  law  for  periodic  currents  as  retarded 
by  inductance.  As  iiiatruuients  take  no  accouiit  of  phase 
but  give  virtual  values  the  simpler  form  preceding  is 
usually  ButGcient. 

The  effect  of  capacity  introduced  into  an  alternate 
current  circuit  is  to  produce  a  lead  in  phase,  sinee  the 
reaction  of  a  condenser  instead  of  tending  to  prolong  the 


curraDt  tends  to  drive  it  back.    The  leaotauce  is  therefore 

written   aa  —  l/pK,  and   the  angle  ^  will  be   such   that 

tau^=-l/;.KK.     The  impedance  will  La  v'R=  +  l/;,'K«. 

If    botli  inductance  aud  capacity  are    present,   tan 


if>=(ph  —  l/pK)/R;  the  reactance  will  be  pL—l/pK^ 
and  the  impedance  ■v'R-+  (pL  —  l/pii.)'. 

Since  capacity  and  inductance  produce  opposite  effects 
they  can  be  used  to  neutralize  one  another.  They  exactly 
balance  if  L  =  l/p^K.  lu  that  case  the  circuit  is  nou- 
luductive  and  the  currents  simply  obey  Ohm's  law. 

474.  Choking  Coils.  ~  It  will  be  seen  that  if  in  a 
circuit  tliere  is  little  resistance,  and  much  reactance,  the 
current  will  depend  on  the  reactance.  For  example  if 
7<C  =  27m)  were,  say,  1000  and  L  =  10  henries  while  R  was 
only  1  ohm,  the  resistance  part  of  the  impedance  would 
be  negligible  and  the  law  would  become 


,L- 

^If-tnduction  coils  with  large  inductance  and  small  resist- 
ance are  sometimes  used  to  impede  alternate  currents,  and 
are  called  choking  coils,  or  impedance  coils. 

If  the  current  were  ted  into  a  condenser  of  small 
capacity  (say  K  =  j>3  microfarad,  then  l/;iK  =  10,000),  the 
current  running  in  and  out  of  the  condenser  would  be 
governed  only  by  the  capacity  and  frequency,  and  not  by 
the  resistance,  and  would  have  the  value  ^ 

C  -  EpK. 
475.    Alternate-current  Pow«r,  —  If   1 


power  supplied  to  a  motor,  or  other  part  of  an  alternate 
current  circuit,  we  measure  separately  with  ampere- 
meter and  Toltmeter  the  amperes  and  volts,  and  then 
multiply  together  the  readings  we  obtain  ea  the  apparent 
matu  a  value  often  greatly  in  excess  of  the  true  ivatts, 
owing  to  the  difference  in  phase,  of  which  the  instruments 
take  no  account.  The  true  power  (watts)  ia  in  reality 
W  =  CVcos<^,  where  C  and  V  are  the  virtual  values,  and 
t]>  the  angle  of  lag.  But  the  latter  ia  usually  an  unknown 
quantity.  Hence  recourse  niuHt  be  had  to  a  suitable 
watt-meter ;  the  usual  form  being  an  electrodynamoineter 
(Art.  438}  specially  couatructed  BO  that  the  high-resiatauce 
circuit  in  it  shall  be  non-inductive. 

Whenever  the  phaae-diffe ren 08  (whether  lag  or  leadj 
ia  very  large  the  current,  being  out  of  step  with  the  volts, 
is  almost  imllleas.  This  is  tlia  case  with  currents  flowing 
through  a  choking  coil  or  into  a  coiideuwr,  if  tlie  resist- 
ances are  small. 

476.  High  Frequency  Currents.  —  The  reactive  effects 
of  inductance  and  capacity  increase  if  the  frequency 
is  increased.  The  frequency  used  in  electric  lighting  is 
from  50  to  120  cycles  per  second.  If  high  frequencies 
of  1000  or  more  cycles  per  second  are  used  the  reaotiona 
are  excessive.  In  such  cases  the  currents  do  not  flow 
equally  through  the  cross-section  of  the  conducting  wire, 
but  are  confined  mainly  to  its  outer  surface,  even  thick 
rods  of  copper  offering  great  impedance.  Even  at  a 
frequency  of  100  the  current  at  a  depth  of  12  millimetres 
from  the  surface  is  (in  copper)  only  about  \  of  its  value 
in  the  surface  layers.  In  iron  wires  the  depth  oE  the 
skin  for  }  value  is  about  1  millimetre.  For  such  rapid 
oscillations  as  the  discharge  of  a  Leyden  jar,  where  the 
frequency  is  several  millions,  the  conducting  skin  is  prob- 
ably less  than  ^„  of  a  millimetre  thick.  Hollow  tubes 
in  such  cases  conduct  just  as  well  03  solid  rods  of  same 
outer  diameter.  The  couductauce  is  proportional  not  to 
section  hut  to  perimeter. 
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Whenever  a,  current  is  not  distributed  equally  in  the 
CTDSs-section  of  atiy  conductor  there  is  a  real  increase  in 
the  resistance  it  oSars ;  the  heating  effect  beiuy;  a  mini- 
mum when  equallj  distributed.  The  fact  that  the 
oacillatory  currenta  are  greatest  at  the  skin  gives  the 
strongest  support  to  the  modern  view  that  the  energy  in 
an  electric  circuit  is  transmitted  by  the  surrounding 
medium  and  not  through  the  wire  (see  Art.  51B  on 
energy-paths). 

477.  Altemate-corrent  KlBCtromagnets.^  When  an 
alternate  current  is  sent  through  a  coil  it  produces  an 
alternating  magnetic  field.  An  iron  core  placed  in 
the  alternating  field  will  be  subjected  to  a  periodic 
alternating  magnetization.  Electromagnets  for  alter- 
nate currents  must  have  their  iron  cores  laminated  to 
avoid  eddy  currents;  and  owing  to  their  choking  action 
are  made  with  fewer  turns  of  wire  than  if  designed 
for  continuous  currents  of  equal  voltage.  They  repel 
fiheetfl  of  copper  owing  to  the  eddy  currents  which  tliey 
set  up  in  them ;  the  phase  of  these  eddy  currents  Iteing 
retarded  by  their  self-induction.  Elihu  Thomson,  who 
studied  these  repulsions,  constructed  some  motors  based 
on  this  principle.  A  solenoid,  with  a  laminated  iron 
plunger,  if  supplied  with  alternate  currents  at  constant 
voltage,  iios  the  remarkable  property  of  attracting  the 
.  core  with  much  greater  force  when  the  core  is  protniding 
ont  than  when  it  is  in  tlie  tube.  This  also  is  owing  to 
the  choking  action. 


Lesson  XLIV.  —  Allerna!e-curreitt   Generators 

478.  Alternators.  —  The  simple  alternator  (Fig.  243), 
with  its  two  slip-rings  for  taking  off  the  current,  is  merely 
typical.  In  practice  machines  are  wanted  which  will 
deliver  their  currents  at  pressures  of  from  1000  to  5000 
volts,  with  frequencies  of  iioia  50  to  120  cycles  par  second. 
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Slower  frequencies  are  unsuitable  for  ligliting,  though 
applicable  for  power  tran  amission.  High  voltagea  are 
common  with  alternate  currents  because  (when  using 
transformers)  of  the  economy  (Art.  447)  thereby  effected 
in  the  copper  mains.  Under  these  conditiona  alnioat  all 
alternators  are  designed  as  multipolar  machines;  and  as 
tiie  perfect  insulation  rB[|uired  in  the  armatures  is  more 
rearlily  attained  if  these  parts  are  stationary  it  is  common 
to  fix  them,  and  instead  to  rotate  the  field-magnet.  The 
latter  ia  separately  excited  with  a  amall  continuous  cur- 
rent led  in  through  slifi-ringa.  One  advantage  of  alter- 
nate current  inachinea  over  continuous  current  dynamos 
ia  that  there  is  no  commutator. 

Amongst  the  various  types  of  aJternators  may  be  men- 
tioned the  following: — (1)  Magnet  rotating  internally 
and  consisting  of  a  number  of  poles,  alternately  N  and  S, 
pointing  radially  outwards ;  armature  external,  fixed, 
and  cousisling  of  a  number  of  coils  wound  either  upon 
an  iron  ring  (Gramme),  or  upon  inwardly  projecting  iron 
poles  (Ganz),  or  set  against  the  inner  face  of  an  iron  core 
(El well-Parker),  or  embedded  in  holes  juat  within  the 
face  of  an  iron  core  (Brown).  In  all  oases  where  iron 
corea  are  used  in  armaturea  it  is  carefully  lamiuat«d. 
(3)  Magnet  fixed  externally  and  consisting  of  a  number 
of  alternate  poles  pointing  radially  inwards ;  armature 
internal,  revolving,  consisting  of  a  number  of  coils  wound 
either  upon  the  surface  of  a  cylindrical  iron  core  (West- 
inghouse,  Thomson-Houston)  or  fixed  upon  radially  pro- 
jecting poles  (Hopkiuson).  (3)  Magnet  fixed  externally 
and  conaistuig  of  two  crowns  of  alternate  poles,  alternately 
N  and  S,  projecting  toward  one  another  and  nearly  meet- 
ing, so  making  a  number  of  magnetic  fields  between  them ; 
armature  revolving,  and  without  iron,  consisting  of  a 
number  of  flat  coils  mounted  together  as  a  sort  of  star 
disk,  revolve  in  the  narrow  gaps  between  the  poles 
(Siemens,  Ferranti). 

Another  form,  known  as  Mordey's  alternator,  largely 
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479.  Coupling  of  Alternators.  —  Tn  the  use  of  two 
or  more  alternuturs  oii  one  circuit  a.  peculiarity  arises  that 
diMH  not  exist  with  continuous-current  dynamos,  owing  to 
differences  of  piiase  in  the  currents.  If  two  altematorH 
driven  by  separate  engines  are  running  at  the  same  speed 
and  at  ei|ual  voltage,  it  will  uot  do  to  join  their  oiranite 
by  merely  switching  them  to  the  mains  if  the;  ore  not 
also  in  phase  with  one  another ;  or  serious  trouble  may 
occur.  In  central  gtatioa  work  it  is  usual  to  run  several 
machines  all  in  parallel.  Now  if  two  machines  are 
feediug  into  the  same  mains  each  , 

is  tending  to  send  current  liack  to 
the  other;  and  if  their  electro- 
motive-forcea  are  at  any  instant 
unequal,  that  with  tlie  greater  will 
tend  to  send  its  current  the  oppo- 
site way  thi'ough  the  otiier.  To 
explain  what  occurs  consider  Fig. 
261,  wiiich  18  a  revolving  diagram 
of  the  same  kind  as  Pigs.  251  and 
254.    K  the  two  alternators  are  '■*"  ^'"■ 

exactly  in  st«p,theywill  both  be  sending  a  pulse  of  current 
toward  the  mains  at  the  same  moment,  but,  so  far  as  the 
circuit  connecting  theni  is  concerned,  these  impulses  will 
be  exactly  opposed,  l^t  OA  and  OB  represent  these 
two  exactly  opposed  impulses.  Now  suppose  one  of  the 
two  machines  to  gain  a  little  on  the  other,  OA  shifting 
forward  to  OA'.  The  two  electromotive-forces  no  longer 
balance,  but  will  have  a  resultant  OE  tending  to  make  a 
current  oscillate  through  the  two  macliines,  this  current 
being  out  of  phase  both  with  the  leading  machine  A  and 
with  the  lagging  machine  B.  But  this  local  current  will 
itself  lag  a  little  in  phase  behind  OE  because  of  the  in- 
ductance in  its  path.  Let  the  phase  of  the  current  then 
be  indicated  by  OC,  which  is  set  back  a  little.  There  is 
now  a  current  surging  to  and  fro  between  the  two 
machines,  and  it  is  obviously  more  nearly  in  phase  with 


OA  tlian  with  OB.  This  means  that  iu  the  leading 
machine  A  the  volta  and  amperes  are  more  nearly  iu  phase 
with  one  another  than  in  ttie  logging  maoliine  B.  Refer- 
ence to  Arts.  i'M  and  M5  will  at  once  show  that  the  cur- 
rent Ih  helping  to  drive  B  as  a.  motor,  and  ttiat  a  greater 
msahanical  effort  will  be  tlirown  on  A,  whicli  ia  acting 
more  as  a  generator.  Hence  tliis  interchange  of  cnrrent 
tends  automatically  to  hring  up  the  lagging  machine  and 
to  load  the  leading  machine,  Thuy  will  conte  back  into 
phase.  All  allernatorit  of  good  conntrni^tion  suitably 
driven  will  run  tflgether  in  parallel,  even  though  their 
elect romotive-forueH  are  unequal,  (^u  the  other  hand,  if 
two  alternators  are  joined  in  serieH,  the  resulting  current, 
when  they  are  ever  so  little  out  of  phase,  tends  to  load  the 
lagging  machine  and  hasten  the  leading  one  till  they  get 
into  complete  opposition  of  phase,  one  running  entirely  OB 
generator,  the  other  entirely  r^  motor.  This  is  excellent 
for  transuiission  of  power  from  an  alternator  at  one  end 
of  a  line  to  a  synehronouB  alternator  at  the  other  :  the 
two  machines  keep  step  at  all  loads.  But  they  will  not 
run  together  in  series  if  both  are  to  act  as  generators, 
unless  rigidly  coupled  together  on  the  same  shaft. 

To  prevent  accidente  arising  from  too  sudden  a  trans- 
fer of  current  between  two  machines  it  is  usual  in  lighting 
stations  to  employ  a  ai/iichronizer,  a  device  to  indicate  the 
phases  of  the  alternations.  When  an  alternator  is  to  be 
switched  into  circuit  (in  parallel  with  one  or  more  others) 
the  operator  does  not  turn  tiie  switch  nntil  (speed  and 
volts  being  both  right)  the  electromotive-fores  of  the 
machine  lias  come  exactly  into  identical  phase  with  that 
of  the  circuit  into  which  it  is  to  be  introduced. 


480.  Alternate-current  Transformers.  —  Transform- 
Rrn  are  needed  in  tlie  distribution  of  currents  to  a 
distance,  because   glow-lamps   in    the   houses   need  low 
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I  pressures  of  50  to  100  volts,  whilst  for  economy  o£  copper 
\  in  the  raaiiiB  it  is  necessary  tliat  the  generators  should 
\  -work  at  high  preasures  of  1000  to  5000  or  more  volta. 
The  principla  of  tranaformation  was  briefly  touched  in 
Art.   238.      Alternate   current    transformers   are   simply 
iuductioii-<:oils  having  well  laminated  iron  cores,  usually 
of  thin,  soft  sheet-iron  strips  piled  together,  and  aha{ied 
s  to  constitute  a  closed  magnetic  circuit.     U^ion  the 
I  cores  are  wouud  the  pHmary  coil  to  receive  the  alternat- 
I   ing  current,  and  a  secondary  coil  to  give  out  other  alter- 
nating ourrenta.     UanaUy  the  primary  consists  of  many 
turns  of  line  copper  wire,  very  well  insulated,  to  receive 
a  small  current  at  high  pressure ;  and  the  secondary  of  a 
few  tnrns  of  thick  copper  wire  or  ribbon,  to  give  ont  a 
much  larger  cuirent  at  low  pressure. 

To  transform  down  from  about  GOOO  volts  to  100 
ToltB,  the  ratio  of  the  windings  will  be  20 : 1.  Whotei-er 
the  ratio  of  the  voltages,  the  currents  will  be  about  in  the 
inverse  ratio,  since,  apart  from  the  inevitable  small  losses 
in  transformation,  the  pwwer  put  in  and  taken  out  will  be 
equal.  Taking  the  above  case  of  a  transformer  having 
SO :  1  as  the  ratio  of  its  windings,  if  we  desire  to  take  out 
of  the  secondary  100  amperes  at  50  volts,  we  must  put 
into  the  primary  at  least  5  amperes  at  1000  volts. 

In  scattered  districts  a  small  transformer  is  pi'ovided 
for  each  house,  the  lamps  being  in  the  low-pressure  cir- 


cuit. In  cities  large  transformers  are  placed  in  sub- 
slAtions.  from  wliich  issue  the  low-pressure  mains  dis- 
tributing  the   current   to   the   houses.     Fig.   262   ehoVB 
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in  digram  the  use  of  transformers  on  a  diBtributing 

481.   Elementary  Theory  of  TraDsforaters If  the 

primary  vulls  are  iiiiihitaiued  ci^iistaut.  the  secoiidiuy 
volts  will  be  iienrly  coiiataut  also,  and  the  apparatus 
becomes  beautifully  self-regulating,  more  current  flow- 
iug  into  the  primary  of  itself  when  more  laiupa  are 
turned  on  in  the  Becoiidary  circuit  This  arises  from 
the  choking  eifect  of  self-induction  iu  the  primary.  If 
no  lamps  are  on  the  secondary  circuit  the  primary  coil 
simply  acts  as  a  chokiiig-coil.  When  all  the  lamjia  are 
on  the  primary  acta  as  a  working-coil  to  induce  currents 
iu  the  secondary.  When  only  half  tlie  lairjps  are  on 
the  primary  acts  partly  as  a  choking-coil  and  partly  as  a 
workiug-coil. 

Let  V,  be  the  voita  at  the  primary  terminals,  V, 
those  at  the  secondary  terminals ;  S,  the  number  of  turns 
in  the  primary  coil,  Sj  the  number  iu  tlie  secondary;  r, 
the  internal  reaistauce  in  the  primary,  r,  that  of  the 
secondary.  Call  the  ratio  of  transformation  it  =  S,/Ba. 
The  alternations  of  magnetism  in  the  core  will  set  up 
electromolive-forces  E,  and  £j  in  the  two  coils  strictly 
proportional  to  their  respectiye  numbers  of  turns  (if  there 
is  no  magnetic  leakage) ;  soE,  =  E,/fr;  and  since  (apart 
from  small  hysteresis  losses)  E[Cj  =  G^C^  it  follows  that 
C|  =  Cj/it.  The  volts  lost  in  piiniary  are  r,C,,  those  iu 
secondary  r^Cj.     Hence  we  may  write 

V,  =  E,  +  r,Ci, 


Writing   the   first   as    1 
and  inserting  E,/fc  for  Ej  i 


I  tlie  second  equalio 


4-fi!->> 


whitli  shows  that  everything  goes  o 


though  the  primary  had  been  removed,  and  we  had  sult- 
stituted  for  V,  a  fraction  of  it  in  proportion  to  the  wind- 
ings, and  at  the  same  tima  had  added  to  the  internal 
resistance  an  amount  equal  to  the  internal  resistance  of 
the  primary,  reduced  in  proportion  to  the  square  of  the 
ratio  of  the  windings.  We  also  see  that  to  keep  the 
secondary  Tolta  constant  the  primary  genei-ator  mnst  Im 
BO  regulated  as  to  cause  the  primary  Tolts  to  rise  slightly 
when  much  current  is  being  used.  The  currents  in  the 
two  coib  are  in  almost  exact  opposition  of  phase ;  they 
reach  their  maxima  at  the  same  instant,  flowing  in  oppo- 
site senses  rouiid  the  core.  The  efficiency  of  well  con- 
structed transformers  is  very  high,  tlie  internal  losses 
being  a  verj  small  percentage  of  the  working  load. 

482.  CantinuooB-carrest  Tunsfonners  (Hotor-dyna- 
moa).  —  To  transform  continuous  currents  from  one 
voltage  to  another  it  is  necessary  to  employ  a  rotating 
apparatus,  wliich  is  virtually  a  combination  of  a  motor 
and  a  generator,  for  example,  a  motor  receiving  a  cur- 
rent of  10  amperes  at  1000  volt«  may  be  made  to  drive  a 
dynamo  giviog  out  nearly  200  anifieres  at  50  volts.  In- 
stead of  using  two  separate  machines,  one  single  arma- 
ture may  be  wound  with  two  windings  and  furuishetl 
with  two  commutators;  the  nuinlier  of  turns  in  thtt 
windings  being  proportioned  to  the  voltages,  and  their 
sectional  areas  to  the  amperes.  Such  molOT-tlynamos  are 
in  use.  The  elementary  theory  of  these  is  the  same  aa 
that  in  Art.  481,  E,  and  lij  now  standing  (or  the  electro- 
motive-forces respectively  induced  in  the  two  windjngs 
on  the  revolving  arniature. 

483.  ContinuDus-altemate  Transfoimen.  —  Revolv- 
ing machinery  equivalent  to  a  combination  of  a  con- 
tinuous-current dynamo  and  an  alternator  may  he  used 
to  transform  continuous  currents  into  alternating,  or 
pice  rerfa,  one  part  acting  as  motor  to  drive,  the  other 
im  g<>ni;rator.  In  this  cmb  also  two  separate  machines 
need  not  always  be  used.    Fig.  3U3  represents  in  diagram 
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uoiis  currentB,  and  a  pair 
of  slip-ringB  or  alternating 
currents.  Such  a  machiae 
may  convert  continnous 
currents  into  alternating, 
or  alternating  into  contin- 
uous. Or  it  may  act  a^ 
a  iitotor  if  supplied  witli 
either  kind  of  current ;  or 
may,  if  driven  mechanically,  geneiate  both  kinds  of  cur- 
rent at  the  same  time. 


Fig.  lea. 


Lbshon  XLVI.  — Aliernaie-current  Molon 

484,  Altemate-carrent  Motors. — We  have  seen  (Art, 
47B)  that  one  alternator  can  drive  another  as  a  motor, 
the  two  machines  in  series  vporklng  in  synchronism. 
There  are  two  disadvantagea  in  such  motors —  (i.)  that 
they  are  not  self-starting,  but  must  be  brought  up  to 
speed  before  the  current  is  applied;  (ii.)  that  their  field- 
maguets  must  be  separately  excited.  Otherfornia  of  motor 
have  consequently  been  sought.  Ordinary  continuous- 
current  motors,  ii  made  with  laminated  iron  magnets, 
will  work,  though  not  well,  with  alternating  currents. 

The  modern  alternate -current  motor  has  developed 
from  the  proposals  of  Borel  (1887),  Ferraris  (1888),  and 
Tesla  (1888)  to  employ  two  or  more  alternating  currenta 
in  different  phases, 

485,  Polypliaae  Currents.  — It  is  obviously  possible, 
by  placing  on  the  armature  of  an  alternator  two  sep- 
arate sets  of  coils,  one  a  little  ahead  of  the  other,  to 
obtain  two  alternate  euirenta  of  equal  frequency  and 
strength,  but  differing  in  phase  by  any  desired  degree. 
Gramme,  indeed,  constmctfld  alternators  with  two  and 
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with  tiiree  separate  circuits  in  1878.  K  two  eqnal  alter- 
u3l«  currents,  differing  in  phnse  by  oiie-quftrter  ol  a 
peiiod,  are  properly  Bonibiiied,  they  can  be  nittde  to  pro- 
duce a  TQlalory  magnetic  feUl.  And  in  sueh  a.  rotatory 
field  conductors  can  be  set  rotating,  as  was  first 
suggested  by  Baily  iu  1879.  Con- 
sider an  ordinary  Gramuie  ring 
(Fig.  2S4)  wound  with  acontmuona 
winding.  If  a  single  oltematiug 
cnrreut  were  introduced  at  the  ■ 
points  AA'  it  would  set  up  an 
oscillatory  m^;uetic  field,  a  N  pole 
growiug  at  A,  and  a  S  pole  at  A', 
then  dying  away  and  reversing  in 
direction.      Sinularly,    if    another  ^^' 

alternate  current  were  introduced  at  BB',  it  would 
produce  another  oscillatory  magnetic  field  in  the  BB' 
diameter.  If  both  these  currents  are  set  to  work  but 
timed  so  that  the  BB'  current  is  J-  period  behind  the 
AA'  current,  then  they  will  combine 
to  produce  a  Totalary  magnetic  field, 
though  the  coil  itself  stands  still. 
This  ia  quite  analogous  to  the  well- 
known  way  in  which  a  rotatory 
^3  motion,  without  any  dead  points,  can 
be  produced  from  two  oscillatory 
•■■B.  'VM.  motions  by  using  two  cranks  at  right 

angles  to  one  another,  the  impulses  being  given  J  period 
one  after  the  other.  Tiie  above  combination  ia  called 
a  di-phase  system  of  currents.  If  the  BB'  cuiTent  is 
J  period  later  tiian  the  AA'  current,  the  rotation  in 
Fig.  285  will  be  right-handed.  Another  way  of  generat- 
ing a  rotatory  field  ia  by  a  Iri-phase  syatem"  (or  so^jalled 
"dreh-strom")  of  currents.  Let  8  alternate  currents, 
differing  from  one  another  by  |  period  (or  120°)  be  led 
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iuto  the  ring  at-  the  points  ABC.  Tlie  ciirrent  flows  in 
flrot  at  A  (and  out  by  B  ami  C),  Ihen  at  B  (Bowing  out 
by  C  and  A),  then  at  C  (out  by  A  and  B),  again  produo 
iiig  a  revolving  maguetii:  field.  Tlik  ih  analogous  to  a 
S^ank  engine,  with  the  crank  set  at  120°  apart. 

There  are  several  ways  of  combining  the  circuits  that 
receive  the  currents  of  the  various  iihii.9es.  For  example, 
the  windings  of  Fig.  201  might  be  divided  into  four 
separate  ooik,  eacli  having  one  end  joined  to  a  common 
junction,  and  the  four  outer  ends  joined  respectively  to 
the  four  line  wires.  Or  the  windings  of  Fig.  365  might 
be  arranged  as  three  separate  coib,  each  liaving  one  end 
joined  to  a  common  junction,  and  witli  the  three  outer 
ends  joi[ied  respectively  to  the  three  line  wires.  Such 
arrangements  would  be  called  mar  groupings,  as  dis- 
tinguiithed  from  the  Tnesh  groupings  of  the  cuta.  Also 
the  coils,  in  whichever  way  grouped,  need  not  be  wound 
upon  a  rijig.  The  two-piiaae  coils  of  Fig.  2*14  might  be 
wound  upon  four  inwardly-projecting  pole-pieces;  and 
the  Diree-phase  coils  of  Pig.  265  might  be  wound  upon 
three  inwardly-projecting  pole-pieces.  Or  in  larger  mul- 
tipolar niochines  a  three-phase  set  of  coils  might  Ijo 
arranged  upon  a  set  of  sis,  iiine,  twelve,  or  more  poles, 
ill  regular  succession. 

486.  Properties  of  the  Hotatory  Field — ABynchionous 
Hotors.  —  In  sucli  rotating  magnetic  fields  masses  of  metal 
at  once  begin  to  rotate.  A  magnet  or  mass  of  Irou, 
pivoted  centrally,  can  take  up  a  synchronous  motion, 
but  may  require  to  be  helped  to  start.  Any  pivoted 
mass  of  good  conducting  metal,  such  as  copper,  will 
also  be  set  in  motion,  and  will  be  seli-starting,  but 
will  not  be  synchronous.  In  such  a  centred  mass,  or 
ro(or,  eddy-currents  are  set  up  (just  as  in  Arago's 
rotations,  Art.  457),  which  drag  the  metal  mass  and  tend 
to  turn  it.  The  Htrength  of  these  currents  in  the  rotating 
part  depends  on  the  relative  speed  of  the  field  and  the 
rotor.    II  tlie  rotor  were  to  revolve  with  speed  equal  to 
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the  revolving  field,  the  eddy-currents  would  die  away, 
and  there  would  be  no  driving  force.  The  rotor  actually 
used  in  such  motors  consists  of  a  cylindrical  core  built  up 
of  thin  iron  disks,  over  which  is  built  up  a  sort  of  squirrel 
cage  of  copper  rods  joined  together  at  their  ends  into  a 
closed  circuit.  In  some  forms  (designed  by  Brown)  the 
rods  are  inserted  in  holes  just  below  the  surface  of  the 
core.  The  revolving  part  has  no  commutator  or  slip- 
rings,  and  is  entirely  disconnected  from  any  other  circuit. 
Tt  receives  its  currents  wholly  by  induction.  Such 
asynchronous  motors  start  with  considerable  torque  (or 
turning  moment)  and  have  a  high  efficiency  in  full  work. 
Similar  motors  for  use  with  ordinary  or  single-phase 
alternate  currents  are  now  in  use.  ,  To  start  them  it  is 
necessary  to  split  the  alternate  current  into  two  currents 
differing  in  phase.  This  is  done  by  the  use  of  a  divided 
circuit,  in  the  two  branches  of  which  different  reactances 
are  introduced.  If  in  one  branch  there  is  a  choking 
coil  to  offer  inductance,  the  current  in  that  branch  will 
be  retarded;  if  in  the  other  there  is  a  condenser,  the 
current  in  this  branch  will  be  accelerated  in  phase.  Com- 
bining these  two  currents  a  rotatory  field  is  produced  for 
starting  the  movement.  When  once  the  motor  has  started 
a  further  turn  of  the  switch  simply  puts  on  the  alternate 
current,  as  at  A  A'  in  Fig.  264,  and  it  continues  to  be 
driven,  though  the  impulse  is  now  only  oscillatory. 
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LBS8..S  Xl.XU.  —  EkiUrolyins 

487-  BlertromotiTe-force  of  Polarization.  —  The  sim- 
ple laws  of  definite  chemical  ocljoii  due  to  the  uurreiit 
having  been  liiid  down  in  Leaaon  XIX.  it  remains  to 
consider  the  relations  between  the  chemical  energy  and 
its  electrical  equivalent.  Whenever  au  electrolyte  is 
decomposed  by  a  current,  the  resolved  ions  have  a  ten- 
dency to  reunite,  that  tendency  being  commonly  termed 
"chemical  affinity."  Thnswhen  zinc  sulphate  (ZnSO,)  is 
split  up  into  Zq  and  SO4  the  zinc  tends  to  dissolve  again 
into  the  solution,  and  so  spread  the  potential  energy  of 
the  system.  But  zinc  dissolving  into  sulphuric  acid  sets 
up  an  electromotive-force  of  definite  amount;  and  to  tear 
the  zinc  away  Ironi  the  auliiliuric  acid  requires  an  eleotro- 
motive-force  at  least  as  great  as  this,  and  in  an  opposite 
direction  to  it.  So,  again,  when  acidulated  water  is 
deoomposed  in  a  voltameter,  the  separated  hydrogen  and 
oxygen  tend  to  reunite  and  set  up  an  opposing  electro* 
motive-force  of  no  less  than  147  rolts.  This  opposing 
electromotive-force,  vthiuh  is  in  fact  the  meaaui'e  of  their 
"chemical  affinity,"  is  termed  the  electromotive-force  of 
polarization.  It  can  be  observed  in  any  water  voltameter 
(Art.  243)  by  simply  di.sconnecting  the  wires  from  the 
battery  and  joining  them  to   a  galvanometer,   when    a 
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current  will  be  observed  flowiug  back  through  the  volta- 
meter from  the  tiydrogeu  elcctroile  toward  tlie  oxygen 
electrode.  The  polarization  in  n  voltaic  cell  (Art.  175) 
produces  au  opposing  electroniotive-foree  in  a  perfectly 
similar  way. 

Now,  since  the  affinity  of  hydrogen  for  oxygen  ia 
represented  by  an  elnctroniotive- force  of  1'17  volts,  it  is 
clear  that  no  cell  or  batteiy  can  decompose  water  at 
ordinary  temperatures  unless  it  has  an  electromotive-force 
of  nl  teail  1 '47  volts.  With  every  e!ectrolyt«  thei-e  is  a 
similar  minimum  electromotive-force  necessary  to  produce 
complete  continuous  decoiripMitiou. 

488.  Theory  of  ElectTOlysis.  —  Suppose  a  current  to 
convey  a,  quantity  of  electricity  Q  through  a  circuit  in 
whicli  there  is  an  opposing  electromotive-force  E ;  the 
work  done  in  moving  Q  units  of  electHcity  against  this 
electromotive-force  will  be  equal  to  K  x  Q.  (It  E  and 
Q  are  expressed  in  "ftbsolute"  C.G.S.  units,  E  x  Q  will 
be  in  ergii.)  The  total  enei'gy  of  the  oun'ent,  as  available 
for  producing  heat  or  mechunical  motion,  will  be  dimin- 
ished by  this  quantity,  which  represents  the  work  done 
against  the  electromotive-force  in  qnestiou. 

But  we  can  arnve  in  another  way  at  an  expression  for 
ibis  same  quantity  of  work.  The  quantity  of  electricity 
in  passi[ig  through  the  celt  will  deposit  a  certain  amount 
of  metal :  this  amount  of  metal  could  he  burned,  or 
dissolved  again  in  acid,  giving  up  its  potential  energy  as 
heat,  and,  the  mechanical  equivalent  of  heat  being  known, 
the  equivalent  quantity  of  work  can  be  calculated.  Q 
units  of  electricity  will  cause  the  deposition  of  Qz  grammes 
of  an  ion  whose  absolute  electro-chemical  equivalent 
is  s.  [For  example,  z  for  hydrogen  is  -OOOIOSS  gramme, 
being  ten  times  the  amount  (see  Table  in  Art.  24(1) 
deposited  by  one  coulomb,  for  the  coulomb  is  j'g  of  the 
absolute  C.G.S.  unit  of  quantity.]  If  U  represents  the 
number  of  heat  unita  evolved  by  one  gramme  of  the  sub- 
stance, when  it  enters  into  the  contbination  in  question. 
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tlien  QsU  represents  the  value  (in  heat  units)  of  the 
chemical  work  done  by  tlie  flow  of  the  Q  units :  and  this 
value  can  iminediately  be  traDslnted  into  ergs  of  work  by 
multiplying  by  Joule's  equivalent  J  (=  42  x  10°).  [See 
Table  on  page  513.] 

We  have  therefore  the  following  equality: — 

EQ  =  QiUJ;  wlieiico  it  follows  that 
E=:zHJ;  m,m  ■vorA'i,  the  eUclramot'we-foree  o/anjf 
ehtmieal  reaction  in  equal  to  the  product  of  the  ekr.tro^kemical 
equivalent  of  the  separated  ion  into  tin  heal  of  combination,  ex- 
prensed  in  ifgnamical  unitn. 

Ezamplft.*—(1)  Klectromollv-fni-cenfSjingtti  tenilinn 
(auntie  viith  Or.y<jrn.  Vnr  HyJmgeii  z  =  -fNIOIflilH;  H 
(beat  of  camlilnalion  of  nn^grannne)"  .'MOOO  graniinU' 
degree'Diiitn ;  J  =  42  X  10<. 


(S)  EteEtromotive-rforEe  n/  Zinc  iHmolving  hiio  Sulphuric 
Acid.  I  '^  '00337 ;  H  =  lUTO  (acoonliiig  to  Julius  Thom- 
HBU)  ;  J  =•  12  X  IC. 

■00;i37  X  IGTO  X  42  X  10"  =  2'3li4  X  10», 
or  =  2-364  Voltt. 


',0  Sutphwio 


x42xlO«  =  l'24i)X10', 


<4)  Electromotive-force  of  a  DanleU's  Cell.  Here  zinc  is 
dlsaotved  at  one  pole  to  form  zlui^  sulphate,  the  ctaemi- 
oal  action  settitij;  up  a  -|-  ulw-tromoti re-force,  while  at 
the  other  pole  copiwr  is  deposited  by  the  current  oat  of  a 
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:.    Snot 

:  shond 

that  Iho  Mpretsfon  aUJ  Is  Incomplete,  and  that  to  It  should  be 

added  a 

solution  of  copper  solpliate,  thereliy  setting  up  an 
oppoaing  (or  —  )  eleotroraotive-force.  That  due  lu  zinc 
is  BhowD  above  to  ha  +  3'»>i  valtn,  tliat  to  deposited 
copper  to  he— 1'219.  Hence  tlie  net  olectromotlva- 
force  of  the  cell  is  {neglecting  the  alight  electromotite- 
(orce  where  the  two  solntiona  touch)  2'3Bi  — l'a4»  = 
I'lIG  votti.  This  Is  nearly  wliat  is  found  (Art.  ISl)  In 
practice  to  be  Hie  caae.  It  la  less  than  will  suffice  to 
electrolyze  water,  though  two  Daniell's  cells  in  series 
electrolyze  water  easily. 

Since  1  horae-power-liour  =  746  watt-houra  =  746  ftin- 
pere-hours  at  1  volt,  it  follows  tliat  at  V  volts  tlie  num- 
ber of  ampei'e-lioura  will  =  716  -i-  V.  Now  as  tbe  weiglit 
o(  zinc  consumed  in  a  cell  ia  1'213  grammea  per  ampere- 
hour  (wl>en  tliere  is  no  waste)  the  con  sump  Lion  will  be 
aa  follows;  — 


i|i>!  1-213  gin...  Jibs. 


Weight  of  zinc  used  }  _ 

per  tiorse-power-hour  i 
Ileuce  the  quantity  of  zinc  that  must  be  consumed  to 
generate  1  horse-power-hour  in  any  batteiy  of  cells  cannot 
be  leas  than  2  Iba.  -:-  the  available  volts  of  a  single  cell  of 
the  battery. 

£xainp[<.  — iriin?wc«Ur]aab»lDveplijd  to  giyc  !  Tolti  itlts  lermlnBli 
whnn  In  fnU  work,  >  bittltnT  of  lucb  <wU^  hnwevvr  urBnged.  will 

•■  unit  ■■  of  sni'ipiy  (or  Wowiitl-honr}. 

An  equivalent  quantity  of  exciting  and  depolarizing 
chemicals  wil!  aUo  be  used,  and  these  will  increase  the 
total  coat  per  unit.  It  is  clear  thnt  as  a  source  of  public 
supply  primary  batteries  consuming  zinc  can  never  com- 
pete in  price  with  dynamos  driven  by  steaui.  The  actual 
cost  of  coal  to  central  ntations  in  London  is  from  I  to 
1 1  pence  per  "  unit  " ;  and  the  maximum  legal  price  that  a 
supply  company  may  charge  in  Great  Britain  for  electric 
energy  is  eightpeuce  per  "  unit  "  (see  Art.  -14(1). 

469.  Klectro-Chemical  Power  ol  Metals. —The  ac- 
companying Table  gives  the  electromotive-force  of  the 
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different  metals  aa  calculated  (Art.  488)  from  the  heat 
evolved  by  the  combination  with  oxygen  of  a.  portion  of 
tl  e  metal  e  ju'valent  electro  che  n'callv  'a  aniou  t  to  a  e 
gra  ma  of  I  )drogen  The  lig  res  n  the  seco  d  colu 
are  n  calor  ea  The  figu  e<<  tl  e  tl  1  col  □  u  ar 
calculated  from  tl  eae  the  seco  d  by  mult  ply  g  i  y 
the  elect  o-cl  e  n  eal  en  vile  t  f  hj  Irogen  id  1  y 
IouIgh  eqi  aie  t  C'  X  1"*)  »  I  dvd  g  by  10'  to 
red  c  to  volts  Tl  elpct  nn  ot  e  fo  ea  rw  ol  e  I  { 
dilute  sul|>huric  acid)  are  added  for  coiiipanson. 


K.M.F.  1 

nloulUod. 

SiihsUnw. 

duMnn  of 

RH.F. 

EqulvBlDiil. 

Eulitlvcly 
to  OiycBii. 

RrUOvoly 

-fl-Kl 

Polwsiiim    .     .     . 

C!l.800 

3-01 

+1-18 

Smiliini    .... 

6T.M(W 

2-i)l 

+];()iJ 

Zinc 

42.71M1 

183 

Iron 

34,120 

-o-aa 

HydrojfBn    .    .    . 

5J,IX(0 

1'47 

-oaii 

Lew) 

25,100 

1-1-2 

-O'Tl 

-0-54 

Copper     .... 

lH,7fiO 

■SO 

-Kia 

-1-1M7 

Silver  ...... 

H,OIK) 

Platluuui     .    .    . 

T.flOn 

-f60 

Carbon    .... 

3,noo 

■09 

-1-7* 

(WtrlcAcid)    '. 

0 
-  0,000 

0' 
-0'2ti 

-l-»3 
-2-09 

-1-94 

(Black    ODdo   of 

Mangauese)  .    . 
(Peroxide  of  Lend) 

-6,800 
-12,150 

-0-20 
-0Ti2 

-2-12 

-3-;tfi 

-2-23 

-2-52 

tteona)   ..... 

-14,800 

—Ota 

-2-lfl 

-3-til 

Permanganic 

Acid)    .... 

-25,070 

-109 

-2-92 

-3-03 

The  order  in  which  these  metala  are  arranged  ia  in 
fact  notliing  else  than  the  order  of  oxidizability  of  the 
(iietals  (in  the  presence  of  dilute  sulphuric  acid) ;  for  that 
metal  tHuds  moat  to  oxidi^o  which  cnri,  by  oxidising,  give 
out  tbe  most  energy.     It  also  shows  the  order  iu  which 
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the  inetala  stand  in  their  power  to  replace  one  anotlier 
(in  a  Holutimi  containing  sulphuric  acid).  In  this  order, 
too,  the  lowest  on  the  list  are  the  metals  deposited  first 
by  an  electnc  current  from  soluliona  coiitaiuing  two  or 
more  of  them  :  for  that  metal  comes  down  first  which 
requires  the  least  expenditure  of  energy  to  separate  it 
from  the  elements  with  which  it  was  combined. 

490.  General  laws  of  Electrolytic  Action.  —  In  addi. 
tiou  to  Faraday's  quantitative  laws  given  in  Art  240, 
the  following  are  important :  — 

(a.)  Eyery  electrolyte  is  decomposed  into  two  portions, 
an  anion  and  a  kation,  which  maybe  themBelves  either 
simple  or  compound.  In  the  case  of  simple  binary  com- 
pounds, such  as  fiued  salt  (NaCI),  tlie  ions  are  simple 
elements.  In  other  cases  the  products  are  often  compli- 
cated by  secondary  actions.  It  is  even  possible  to  deposit 
an  alloy  of  two  metals  —  bra/m  for  example — 'from  a, 
mixture  of  the  cyanides  of  zinc  and  of  copper. 

(b.)  In  binary  compounds  and  most  metallic  solutions, 
the  metal  ia  deposited  by  the  current  where  it  leaves  the 
cell,  at  the  kathode. 

(c.)  Aqueous  solutions  of  salts  of  the  metals  of  the 
alkalies  and  alkaline  earths  deposit  no  metal,  but  evolve 
hydragen  owing  to  secondary  action  of  the  metal  upon 
the  water.  From  iitrong  solutions  of  caustic  potash  and 
soda  Davy  succeeded  in  obtaining  metallic  sodium  and 
potassium,  which  ware  before  unknown.  If  electrodes  of 
mercury  are  employed,  an  amalgani  of  either  of  these 
metals  is  readily  obtained  at  tlie  kathode.  The  so-called 
am  mo  N!  urn-amalgam  is  obtained  by  electrolyzing  a  warm, 
strong  solution  of  sal  ammoniac  between  mercury  eleo- 
trodes. 

((/.}  Metals  can  be  arranged  in  a  definite  aeries  accord- 
ing to  their  electrolytic  behaviour;  each  metiil  an  the  list 
behaving  as  a  kation  (or  being  "  electropositive  ")  when 
electrolyzed  from  its  compound  in  preference  to  one 
lower  down  on  the  list.    In  such  a  aeries  the  oxidizable 
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metals,  potassium,  sodium,  zinc,  etc.,  come  last ;  the  less 
oxidizable  or  "electronegative"  inetals  preceding  them. 
Tlie  order  varies  with  the  nature,  strength,  and  t«iripera- 
ture  of  the  solution  used. 

(e.)  From  a  solution  of  mixed  njetallic  salts  tlie  least 
electropositive  metal  ia  not  deposited  first,  if  the  cuireot 
is  HO  strong  relatively  to  the  size  of  the  kathode  aa  to 
iiapoverish  the  solution  in  its  neighbourhood.  To  deposit 
alloys  a  solutioii  must  be  found  in  which  both  metals 
tend  to  dissolve  with  equal  electromotive-forces. 

(/.)  The  liberated  ions  appear  only  at  the  electrodes. 

((T.)  i'or  each  electrolyte  a  minimum  eleetromotive-foree 
ia  requisite,  without  which  complete  electrolysis  eaniiot  be 
effected.     (See  Art.  491.) 

(A.)  If  the  current  be  of  less  electromotive-force  than 
the  requisite  niininnim,  electrolysis  may  begin,  and  a 
feeble  current  flow  at  first,  but  no  ions  will  be  Ulierated, 
the  current  being  completely  stopped  as  soon  as  the 
opposing  electromotive-force  of  ]>olari;tation  lias  risen  to 
equality  witli  that  of  the  electrolysing  current. 

(i.)  There  is  no  opposing  electromotive-force  of  polar- 
ization when  electrolysis  is  effected  from  a  dissolving 
aiiode  of  tiie  same  metal  that  is  being  deposited  at  the 
kathode.  The  feeblest  cell  will  suffice  to  deposit  copper 
from  sulphate  of  capper  if  the  anode  be  a  copper  plate. 

(j.)  Where  the  ions  are  gases,  pressure  affects  the 
conditions  but  slightly.  Under  300  atmospheres  aoid- 
utated  water  is  still  electroly/.ed;  but  in  certain  cases  a 
layer  of  acid  so  dense  as  not  to  conduct  collects  at  the 
anode  and  stops  the  current. 

(i.)  The  chemical  work  done  by  a  current  in  an 
electrolytic  cell  ia  proportional  to  the  minimum  electro- 
motive-forae  of  polarization. 

(i.)  Although  the  electromotive-force  of  polarization 
may  exceed  this. minimum,  the  work  done  by  the  current 
in  overcoming  this  surplus  electromotive-force  will  not 
appear  as  chemical  work,  for  no  more  of  the  iou  will  be 
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lihei'ataii;  hut  it  «ill  appear  as  au  additlonul  quantity 
of  heat  (or  "  local  heat ")  developed  in  the  electrolytic 
cell. 

(m.)  Ohm's  law  holds  good  for  electrolytic  conduction. 

(n.)  Amongst  the  secondary  actions  which  may  occur 
the  following  are  the  chief :  — 

(1)  Tbe  ioQa  ma;  themselveB  decompoBe ;  as  SO4  tnta  SO1+ 0. 
(2)  The  ii'iia  muy  react  ua  the  electrodes ;  bh  when  acidulated 
natcr  Ik  electCDljzad  batween  zinc  electcodes,  no  osygen  tiaiog 
liberated,  owing  to  the  affinity  of  zinc  for  nnygen.  (K)  The  iona 
may  be  liberated  In  an  abnormal  atate.  Thns  oiygen  la  Ire- 
qileutly  liberated  in  Its  albtropie  iMindition  as  ozone,  particu- 
larly when  peroianganatea  are  eleetrolyzed .  The  "  nascent  " 
hydrogen  liberated  hy  the  eleotrolysis  of  dilute  acid  has  pecul- 
iarly active  chemical  properties.  80  also  the  metala  ate  some- 
times depiaited  abnormally;  copper  in  a  hlaek  pulverulent 
film ;  antimony  in  roundish  gray  masaea  (from  the  terchlotlde 
aolution)  which  poaaeas  a  curious  eiploaive  property.  When  a 
BOlution  ol  lead  la  electrolyzed  a  film  of  peroxide  of  lead  lorma 
upon  ihe  iinode.  If  tbia  he  a  plate  of  polished  metal  placed 
horizontally  in  the  liquid  beneath  a  platioiimwlre  aa  a  kathode, 
the  depoait  takea  place  in  aymmetriaal  riugs  of  varying  thick- 
neaa,  the  tliickeat  depoait  heing  at  the  centre.  Theae  rings, 
known  aa  Mobili's  rings,  eiJiiblt  all  the  tlnta  of  tlio  rainbow, 

The  ci)1<iiirH  form,  In  tivct,  iu  reversed  order,  the  "  colours  of 
thin  plates"  of  Newton's  ringa. 

491.   Hypotheaea  of  Giotthuas  and  of  Clansins.  —  A 

complete  theory  of  (electrolysis  must  enplain  —firilly, 
the  transfer  of  electricity,  and  seconill.i/,  the  transfer 
of  matter,  through  tlie  liquid  of  tlie  cell.  Tlie  latter 
point  is  the  one  to  which  most,  atteution  has  been 
given,  aince  the  "  migration  of  the  ions  "  (i.e.  their  trans- 
fer through  the  liquid)  in  two  opposite  directions,  and 
their  appearance  at  the  electrodes  only,  are  salient  facts. 
The  hypothesis  put  forward  in  1805  by  Grotthuss 
serves  fairly,  when  stated  in  accordance  with  modem 
terms,  to  explain  these  facta.  Grotthuss  supposes  that, 
when  two  metal  plates  at  different  potentials  are  placed 
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ill  a  cell,  the  first  efiect  produced  in  the  liquid  is  that 
the  moleculea  of  the  liquid  arrange  themselves  in  iii- 
numerable  chains,  in  which  every  notecule  has  its 
constituent  atoms  pointing  in  a  certain  direction ;  the 
atom  of  electropositive  substance  being  attracted  toward 
the  kathode,  and  the  fellow  atom  of  electronegative 
Bubstanoe  being  attracted  toward  the  anode,  (Thia 
assumes  that  the  constituent  atoms  grouped  iu  the  ffl.ole- 
cnle  retain  their  individual  electric  properties.)  The 
diagram  of  Pig.  268  shows,  in  the  case  of  hydrochloric 


acid,  a  first  row  of  molecules  distrihuted  at  random,  and 
secondly  grouped  in  a  chain  as  described.  The  action 
which  Grotthuss  then  supposes  to  take  place  is  that  an  in- 
terchange of  partners  goes  on  between  the  separate  atoms 
all  along  the  line,  each  H  atom  uniting  with  the  CI  atom. 
belonging  to  the  neighbouring  molecule,  a  +  half  mole- 
cule of  hydrogen  being  lil>erated  at  the  kathode,  and  a  — 
half  molecule  of  chlorine  at  the  anode.  This  action 
would  leave  the  molecules  aa  in  the  third  row,  and 
would,  when  repeated,  result  in  a  double  migration  of 
hydrogen  atoms  in  one  direction  and  of  chloriue  atoms 


in  the  other;  the  free  iitoma  a]ipeiiriiig  only  at  the  elect- 
rodes, and  every  atom  so  liberated  discharging  a  certain 
definite  minxito  charge  of  electricity  upon  the  electrode 
where  it  was  liberated.* 

Clausius  sought  to  bring  tlie  ideas  of  Grotthuas  into 
conformity  with  the  modern  kinetic  hypothesis  of  the 
eoDstitiitioii  of  liquidfl.  He  supposes  that  in  the  usual 
state  of  a  liquid  the  molecules  are  always  gliding  about 
amongst  one  another,  and  their  conxtituent  atoms  are 
aho  in  movement,  continually  Reparating  andrecombining 
into  similar  groups,  their  movements  taking  place  in  ah 
possible  directions  tfaroughout  the  liquid.  But  under 
tlie  influence  of  an  electromotive-force  these  actions  are 
controlled  in  direction,  so  that  when,  iti  the  course  of  the 
usual  movements,  an  atom  separates  from  a  group  it 
tends  tn  move  either  toward  the  anode  or  kathode; 
and  if  the  electromotive-force  in  question  bo  powerful 
eiiougli  to  prevent  recombinartioii,  tliese  atoms  will  be 
permanently  separated,  and  will  accumulate  around  the 
electrodes.  This  theory  has  the  advantage  of  account- 
ing for  a  fact  easily  observed,  that  an  electromotive-force 
lets  than  the  minimum  which  is  needed  to  effect  com- 
plete electrolysis  may  send  a  feeble  current  through  an 
electrolyte  for  a  limited  time,  until  the  opposing  electro- 
raotive-foree  has  reached  an  equal  value.  Von  Helmlioltz, 
who  gave  the  name  of  electrolytic  convexion  to  this  pheno- 
menon of  pai'tial  electrolysis,  assumed  that  it  takes  place 
by  the  agency  of  uncombined  atoms  previously  existing 
ill  tlie  liquid. 

•  Mr.  G.  J.  Blooey  hiui  ronkoimd.  from  coniilctoistlnn*  rbunded  nn 
the  >l2e  of  ntonig  (u  caloulntol  by  Liwcfaiuldt  Bnd  Lurd  Kelilnl,  Uiat 
Ibr  eveiy  olwinlnil  bond  rnplured.  a  ghnreo  of  10— «!  of  %  cowJomft  I* 
tmnsfcmd.  [E.  Bnddo  >hj>  IT  x  l()-»  coulomb.]  This  quMtllj  would 
appear  therefore  to  be  the  oatanl  ttomlo  ohnrge  or  anit.  To  tear  one 
atom  of  hydro^Q  from  a  hyflroffen  < 


il  from  Its  oompou 


.    To  liberate  ai 


implies  Iha  I 
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Leshon  XLVIII.  —  AceiiiHuIalurt 

492.      AccumoUton    or    Secondary    BAtteriea.  —  A 

foltanietflr,   or   HBricH  of   voltameters,   whose   electrodes 
ire  thus  charjfed  r(!»pectivp|y  with  hydrogen  aiid  osygen, 
will  Burve  lis  lecondartj  batleriea,  in 
which  the  energy  of  a  ciiireat 
limy  lie  Btoretl  up  and  again  givea 
out.      Ritter,   who   in   1803   con- 
structed  a   secondary   pile,   used 
nleetroiles  of  ptatiniini.     It  will 
be  m»\\  that  sucli  celb  du  not 
ui'cuuiulivte   or  store  electricity; 
wliiit  they  accuniutat*  is  energy, 
wliich  they  Btore  in  the  form  o£ 
chemical  work.    A  Becondury  cell 
rexeiiihlus  u  Leyden  jar  in  that 
it  c&a  be  charged  and  then  dis- 
cljHi-ged.    The  reaiduul  churgea  of 
I.eydeu    jam,    though    Hmall    in 
quantity   and   transient  in  their 
discharge,   yet   exactly   resemble 
the  iiolariztitioii-chai^eB  of  volta- 
';  meters.     Varley  found  1  sq-  cen- 
I  tini.   of  plutinum  foil   in   dilute 
.  •_  ------      auid   to  act    as   a    condenser   of 

j.|j,  ,^f-  about    63   microfarads  capacity, 

when  polariaed  to  a  potetttiul- 
iliffGrciiee  of  1  rolt.  finfitoii  Plants,  in  1880,  devised  a 
secondary  cell  consisting  of  two  pieces  of  sheet  lead 
rolled  up  (without  actual  contact)  as  electrodes,  dippiu); 
into  dilute  suiphuric  acid,  as  ui  I-'ig.  267.  To  "  form" 
or  prepare  the  lead  it  was  charged  with  currents  which 
after  a  time  were  reversed  in  direction,  and  after  a  further 
time  again  reversed  until,  after  several  reverxabi,  it  became 
coated  with  a  Bemi-porous  film  of  brown  dioiide  of  lead 
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on  the  anode  plate ;  the  kathode  plate  aaauiniiig  a.  spongy 
metallic  state  presenting  a  large  amount  of  surface  of 
high  chemical  activity.  When  Buch  a  secondaty  battery, 
or  acenmulalor,  ia  charged  by  connecting  it  with  a  dynamo 
(shant'Woiind),  or  other  powerful  generator  of  ourrenls, 
the  anode  plate  becomea  perosidized,  while  the  kathode 
plate  is  deoxidized  by  the  hydrogen  that  is  liberated. 
The  plates  may  remain  for  many  days  in  this  condition, 
and  will  furnish  a  current  nntil  the  two  lead  surfaces 
are  reduced  to  a  chemically  inactive  state.  The  electro- 
motive-force of  such  cells  is  from  2-0  to  I'fiii  volts  during 
discharge.  Hant^  ingeniously  arranged  batteries  of  such 
cells  BO  that  they  can  be  charged  in  parallel,  and  dis- 
charged in  series,  giving  (fur  a  short  time)  strong  currents 
at  extremely  high  voltages.  Faure,  iu  1881,  modified 
the  Plniitc  accumulator  by  giving  the  two  lead  plates  a 
preliminary  coating  of  red-leail  (or  minium).  When  a 
cuiTent  is  passed  through  the  cell  to  charge  it,  the  red- 
lead  is  peroxidized  at  the  anode,  and  reduced,  —  first  to  a 
condition  of  lower  oxide, 
then  to  the  spongy  metallic 
State, — at  the  kathode,  and 
thus  a  greater  thickness  of 
UiG  working  substance  is 
provided,  and  takes  far 
less  time  to  "form"  than 
is  the  case  iu  Plantc's  cells. 
In  modem  acoumulatora 
the  red-lead  (or  litharge), 
freshly  mixed  with  dilute 
sulphuric  acid  to  the  form  : 
of  a  paste,  is  pressed  uito 
the  holes  of  a  leaden  grid, 
shaped  so  oh  to  give  it  a  ''''■'■  ■""■ 

good  mechanical  attachment.  During  the  subsequent 
process  of  "formatiou"  the  hardened  paste  is  reduced 
on  one  plate  and  peroxidized  on  the  other.     A  cell  of  the 
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kiiitl  kciowii  as  tlie  E.P.S.  ceU  is  sliown  iu  Fig.  268. 
Accumulators  are  still  ihiwIh  on  tha  Planto  melliod  from 
metallic  lead,  wliich  is  flrat  finely  divided  on  ita  sui-- 
face  by  some  mechanical  or  chemical  means,  and  then 
"  formed  "  by  prolonged  charging.  Cells  of  this  type  are 
not  BO  subject  to  disintegration  as  paste  cells,  and  may  be 
discharged  at  a  greater  rate.  To  keep  accumulators  in 
good  condition  they  should  be  charged  up  every  day  till 
lull  (known  by  liubhles  rising)  and  not  he  discharged  too 
qiuokly.  1'he  density  of  acid  should  never  be  allowed 
to  flsceed  I'21  nor  fall  below  1-15. 

493.  Grove's  Gas  Battery,  — Sir  W.  Grove  devised  a 
cell  in  which  platinum  electrodes,  in  contact  respectively 
with  hydrogen  and  oxygen  gas,  replaced  the  naual  Kinc 
and  cop])er  plates.  Bach  of  these  gaaes'is  partially 
ottnliided  by  the  metal  jilatinuni,  whicii,  when  so  treated, 
behaveis  like  a  dilTereiit  metal. 

Attempts  have  been  made  to  generate  electricity  on 
a  larger  scale  by  means  of  gas  bntlerbs.  Alond  aiirl 
Langer  found  that  the  greatest  E.M.F.  to  be  obtained 
from  a  cell  of  Itydrogen  and  oxygen,  with  finely  divided 
platinum  as  collectors,  was  0'97,  the  difTerence  between 
this  and  the  theoretical,  147,  being  lost  in  heat  generated 
by  the  condensation  of  the  gases  by  the  platinum. 
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494.  ElEctrometaUnrgy. — The  applications  of  electro- 
chemistry to  the  industries  aie  threefold.  Finlly,  to  the 
i-ediiction  of  metals  from  solutions  of  their  ores,  the  pro- 
cess is  useful  in  the  accurate  assay  of  certain  orew,  as,  for 
example,  of  copper;  neconiUij,  to  the  copying  of  types, 
plaster  casts,  and  metabwork  by  kathode  deposits  of 
metal ;  thirdly,  to  the  covering  of  objects  made  of  baser 
metal  with  a  thin  film  of  another  metal,  such  as  gold, 
silver,  or  nickel.  All  these  operations  are  inolnded  under 
the  general  terra  of  eleclTometaUurgij. 
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Itianotestublished  whuLhi^r  the  reduction  ofaliii 
in  the  nlectric  furnax^e  ia  partly  electi'olytic  or  whether  it 
is  pui'elj  chemical,  but  the  process  may  be  mentioned 
here.  Aluminium  oside  is  mixed  with  charcoal  and 
placed  between  the  ejids  of  two  thick  carbon  roda  in  a 
closed  firebrick  furnace  lined  with  charcoal.  A  current 
oi  several  thousand  amperes  is  passed  between  tlje  carbon 
rods  and  tlie  aluminiura  ore  is  melted  arid  parts  with  its 
oxygen  to  carbon.  Tiie  libei'atod  aluminium  is  commonly 
allowed  to  alloy  with  some  other  metal,  such  as  copper, 
previously  added  to  the  charge,  and  forms  the  famous 
aluminium  bronze.  Pure  alumiuiuni  is  now  produced  in 
large  quantities  by  the  electrolysis  of  fused  cryolite, 
which  is  a  double  fluoride  of  aluminium  and  sodium. 

Copper  iS  a  high  degree  of  purity  is  produced  on  a 
large  scale  Lij  siis^ien cling  anodes  of  impure  copper  in  a 
solution  of  copper  sulphate  and  electrolytically  depositing 
pure  cop]ter  on  the  kathodes.  The  impurities  such  as 
ai'seuic  being  more  electronegatiye  than  copper  are  left 
in  the  liath. 

495.  Electrotyping.  — In  1S36  l)e  La  line  oliBerved 
that  in  a  Dauiell's  cell  the  copper  deposited  out  of  the 
solution  upon  the  copper  plate  whicli  served  as  a  kathode 
took  the  exact  impress  of  the  plate,  even  to  the  scratclies 
upon  it.  In  183B  Jacobi  in  St.  Petersburg,  Spencer  in 
Liverpool,  and  Jordan  in  London,  independently  devel- 
oped out  of  this  fact  a  m.ethod  of  obtaining,  by  the 
electrolysis  of  copper,  impressions  (m  reversed  relief)  of 
coins,  stereotype  plates,  and  ornaments.  A  further  im- 
provement, due  to  Murray,  was  the  employment  of 
moulds  of  plaster  or  wax,  coated  with  a  film  of  plutiibago 
in  order  to  provide  a  conducting  surface  upon  which  the 
deposit  could  be  made.  Bronze  in  the  form  of  a  fine 
powder  is  much  used  instead  of  plumbago,  being  a  better 
conductor.  Jacobi  gave  to  the  process  the  name  of  galiiaua- 
plnslie,  a  term  generally  abandoned  in  favour  of  the  term 
electrotyping  or  electrotype  process. 
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Electrotypes  of  copper  are  easily  made  by  hwiging  a 
suitable  mould  in  acelicontaiiiiiifr  s  nearly  saturated  and 
Blightly  ticiduJated  solution  of  sulphate  of  copper,  and 
passing  a  current  of  a  battery  through  the  cell,  the  mould 
HietaUized  on  its  surface  being  the  kathode,  a  plate  of 
copper  being  employed  as  an  anode,  dissolving  gradually 
into  the  liquid  at  a  rate  exoctly  equal  to  the  rate  of 
deposition  at  the  kathode.  ThU  use  of  a  separate  cell  or 
"  bath  "  is  more  convenient  than  producing  the  electro- 
types in  the  actual  cell  of  a  Daniell's  battery.  The 
procesB  is  largely  employed  at  the  present  day  to  repro- 
duce repoussd  and  chased  ornament  and  other  works  of 
art  in  facsimile,  and  to  multiply  copies  of  wood  blocks  for 
printing.  Almost  all  the  illustrations  in  this  book,  for 
example,  are  printed  front  electrotype  copies,  and  not 
from  the  original  wood  blocks,  which  would  not  wear  so 
well.  In  all  deposition  processes  success  largely  depends 
on  having  the  proper  ourrent-density.  To  deposit  metals 
that  are  more  positive  than  hydrogen,  such  as  zinc  or 
chromium,  it  is  advisable  to  use  concentrated  solutions 
and  high  current-densities.  For  metab  that  are  less 
positive,  such  as  copper  and  silver,  the  curreiit-deKBity 
may  be  less.  To  procure  a  good  tough  deposit  of  copper 
the  current  should  not  exceed  15  amperes  per  square  foot 
of  kathode  surface.  If  a  more  rapid  deposit  in  required, 
a,  solution  of  nitrate  of  copper  should  be  used  and  kept  iu 
rapid  agitation. 

To  deposit  iron  (by  the  process  known  m  aciernge,  or 
steel-facing')  a  very  large  sheet  of  iron  is  used  as  anode, 
and  the  liquid  used  is  simply  a  solution  of  sal  ammoniac 
iu  water.  This  solution  is  "  charged  "  with  iron  by 
passing  the  ciureut  for  a.  little  time  through  the  bath 
prior  to  insertmg  the  object  to  be  steel-faced. 

496.  Electroplating.  —  Tn  1801  WoUaston  observed 
that  a  piece  of  silver,  connected  with  a  more  positive 
metal,  became  coated  with  copper  when  put  into  a  solu- 
tion of  copper.    In  1805  Brugnatelli  gilded  two  silver 
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medala  by  making  tbem  the  kathodes  of  a  cell  containing 
a  aolutioii  of  gold.  Messrs.  Elkington,  about  the  year 
IS-IO,  introduced  the  comtnercial  prociesses  of  electro- 
plating. In  theae  processes  a  baser  metal,  such  as  German 
silver  (ail  alloy  of  zinc,  copper,  and  nickel),  is  covered 
with  a  thia  film  of  silver  or  gold,  the  solutions  employed 
being,  for  elerlro-gililing,  the  double  cyanide  of  gold  and 
potassium,  and  for  elecinisilvering  the  double  cyanide  of 
silver  and  potasstuiu. 

Fig.  269  shows  a  battery  and  a  platiiig'Vat  containing 
the  silver  solution.     As  anode  is  hung  a  plate  of  metallia 


I 


silver  which  dissolves  mto  the  liquid  To  the  kathode 
are  suspended  the  spoons,  folks,  or  olher  articles  which 
are  to  receive  a  coating  of  silver  Ihe  addition  of  a 
minute  trace  of  bisulphide  of  caibon  to  the  solution 
causes  the  deposited  metal  to  have  a  bright  surface  If 
the  current  is  too  strong,  and  the  deposition  too  rapid, 
the  deposited  metal  is  giayish  and  cr3stallitie 

In  gilding  bane  metals,  such  as  pewter,  they  are 
usually  first  copper-aoated.  The  gilding  of  the  insides  of 
jugs  and  cnps  is  effected  by  filling  the  jug  or  cup  with  the 
gilding  solution,  and  suspendiug  in  it  aii  anode  of  gold. 
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the  vessel  itself  being  counectod  to  the  —  polij  of  tlii: 
battery. 

In  silvering  or  gilding  objects  of  iron  it  ia  usual  first 
to  plate  them  with  a  thin  coating  of  copper  deposited 
from  an  "alkaline"  copper  bath  containiug  an  ammonia- 
cal  solution  of  cyanide  of  copper.  BrasH  ia  deposited  also 
from  an  ammoniacal  solution  of  the  mixed  cyanides  of 
copper  and  zinc.  In  the  deposition  of  nickel  a  solution 
of  the  double  sulphate  of  nickel  and  ammonium  is  used ; 
the  anode  being  a  sheet  of  rolled  (or  cast)  nickel. 

Kscept  on  the  very  small  scale  batteries  are  now 
seldom  used  for  electrotypiug  and  plating.  A  shunt- 
wound  dynamo  designed  to  give  a  large  output  of  current 
at  5  to  10  volts  pressure  is  generally  ]ffeferred. 

406a.  Other  Electrolytic  Processes.  —  The  electro- 
lytic action  of  the  current  is  now  commercially  employed 
for  other  purposes  than  the  deposition  of  metals.  By  the 
electrolysis  ot  chloride  of  potassiucn  under  suitable  con- 
ditions chlorate  of  potash  is  now  inaimfactured  in  large 
quantities.  Bleaching  liquors  containing  hyj>oehlorites 
can  also  be  produced  from  chlorides.  Caustic  soda  is 
prepared  by  electrolysis  of  common  salt;  and  several 
electrolytic  methods  of  disinfecting  sewage  have  been 
proposed. 

It  has  also  been  shown  that  the  slow  processes  of  tan- 
ning can  be  accelerated  by  the  aid  of  electric  currents,  the 
action  being  probably  osmotic  rather  than  electrolytic. 

It  seems  pi-obable  that  in  the  future  the  use  of  electric 
currents  will  enter  largely  into  the  chemical  manufactures. 
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Lesson  L — EUclric  Telegraphs 

497.  The  Electric  Tologiaph.  —  It  is  difficult  to 
assign  the  invention  of  tlie  telef;rn.ph  to  any  particular 
inventor.  Lesage  (Geneva,  1774),  Lotnoud  (Paris,  1787), 
and  Sir  F.  Ronalds  (London,  1816)  invented  systems  for 
ImnBrnitting  signals  through  wires  by  observing  at  one 
end  the  divergence  of  a  pair  of  pitb-balLi  vrben  a  charge 
of  electricity  was  sent  into  the  other  end.  Cavallo 
(London,  1795)  transmitted  sparks  from  Leyden  jars 
through  wires  "  according  to  a  settled  plan."  Soemmering 
(Munich,  1^08)  established  a  telegraph  in  which  the 
signals  w*ere  made  by  the  decomposition  of  water  in  volta- 
meters; and  the  transmission  of  signals  by  the  chemical 
decomposition  of  substances  was  attempted  by  Coxe,  R. 
Smith,  ISain,  and  others.  Ampere  (Paris,  1821)  suggested 
that  a  galvanometer  placed  at  a  distant  point  of  a  cii-ouit 
might  serve  for  the  transmission  of  signals.  Schilling 
and  Weber  (Giittingen,  1833)  employed  the  deflexions  of 
a  galvanometer  needle  moving  to  right  or  left  to  signal  an 
alphabetic  code  of  letters  upon  a  single  circuit.  Cooke 
and  Wheatstone  (London,  1837)  brought  into  practical 
application  the  first  form  of  their  needle  telegraph.  Henry 
(New  York,  1831)  utilized  the  attraction  of  an  electro- 
magnet to  transmit  signals,  the  movement  of  the  armature 


giroduciiig  auiliblo  Kounds  Eiccording  to  a  certain  code. 
Morse  (New  York,  1837)  devised  a  telegraph  in  which 
the  attraction  of  nu  armature  b;  an  electromagnet  van 
made  to  mark  a  dot  or  a  daah  upon  a  iiioTing  strip  of 
paper.  Steinheil  (Munich,  1837)  discovered  that  instead 
of  a  retuni-wire  the  earth  inigiit  "he  used,  contact  being 
mode  to  earth  at  the  two  euds  by  meatiB  of  earlh-platea 
(see  Fig.  274)  sniik  iu  the  ground.  Gintl  (1^53)  and 
StearuH  (New  York,  1870)  deviaed  methods  of  duplex 
iigiialling.  Stark  (Vienna)  and  UoRseha  (Leyden,  1855) 
invented  di/tlex  signalling,  and  Heaviside  (London,  1873) 
and  Kdison  (Newark,  N.  J.,  1874)  invented  i/umlruplex 
telegrajihy.  Varley  (London,  1870)  and  Blisha  Gray 
(Chicf^o,  1874)  devised  harmonic  telegraphs.  For  fast- 
speed  work  Wheatstonc  devised  his  automatic  transmitter, 
in  which  the  signs  which  represent  the  lettei-s  are  firet 
punched  by  machinery  on  strips  of  paper;  these  are  then 
run  at  a  gi'eat  speed  through  the  transmitting  instrument, 
which  telegraphs  them  oft'  at  a  much  greater  rat«  than  if 
the  sepai-ate  signals  were  telegraphed  by  hand.  Hughes 
devised  a  type-printing  telegraph.  Wheatstone  invented 
an  ABC  telegraph  in  which  signals  are  spelled  by  a  hand 
which  moves  over  a  dial.  Cowper  (1876)  and  Elisha 
Gray  (18911)  invented  autographic  writing  telegraphs. 
For  cable-working  Lord  Kelvin  invented  his  mirror 
galvftnonieter  and  his  delicate  siphon-recorder.  It  is 
impossible  in  these  I^essons  to  describe  more  than  one  or 
two  of  the  simple  onlinai-y  forms  of  telegraph  instriunetit 
now  in  use  in  Great  Britain.  For  fui'ther  information 
consult  Prescott'a  Electricity  and  the  Electric  Telegraph ; 
or  for  British  telegraphs,  the  manuals  of  Culley  or  of 
Preece  and  Sivewright. 

498.  Single-Needle  Instmnient.  —  The  single-neadle 
instrument  (Fig.  270)  consists  essentially  of  a  vertical 
galvanometer,  in  which  a  lightly  hung  magnetic  needle 
is  deflected  to  right  or  left  when  a  cunent  is  sent,  in 
one  direction  or  the  other,  around  a  coil  aurrouudiag 
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the  needle ;  the  needle 
an  index,  the  real  migi 
of   movements  agieed  upon 
comprises  the  whole  alphabet 
in  conibiniitionB  of    not  ous 
to  right  or  left.     In  order  to 
Bend  currents  in  either  du'ec 
tion   through   the  c   coit    a 
"  sig:ial!iiig  key  "  or      ta] 
per"    is    usually   emptojel 
The    tapper   at   one   e  d      I 
the    line    works  the       st 
nieiit  at  the  other     I  ut  fo 
the  sake  of  conveu  e  ce    I 
ia  fixed  to  the  rece      n), 
strumetit.    In  Fig       0  tl 
two  protruding  leie  -b  at  tl 
base   form   the   tapper    a    ! 
by  depressing  the  r  ght  1       1 
currents  are  sent  ii   e  tl  er  d       I 
The  principle  of  act  o     w  11  b 


ble    n  front  of  the  d  il    s  b   t 


reference  to  Fig.  271,  which  shows  a  separaie  signiilling 
key.  The  two  horizontal  levers  are  respectively  iu  com- 
niuiiication  with  the   "line,"  and  with  the  return-iinB 
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this  uistrument  the  eteetromugaet  is  ot  inverted  horse- 
shoe pattern,  having  the  coils  wound  on  two  bohbina 
which  are  slipped  over  vertical  coi'es.  Above  the  poles  Ilea 
an  iron  armature  fixed  acroaa  the  pivoted  lever.  When- 
ever the  current  passes  through  the  coiLn  the  armature  is 
attracted  down,  and  the  lever  uialces  a  click  as  it  strikes 
against  a  stop.  As  soon  as  the  cm-rent  ceases  the  lever  is 
raised  by  a  spring  and  strikes  against  a  top  stop.  There 
are  therefore  two  clicks  heard.  When  a  "dot"  is  sig- 
nalled the  two  clicks  are  heard  immediatelj  after  one 
another.  When  a  "dash'  is  signalled  t!ie  iiiti'rvft!  be- 
tween the  clicks  is  longer.  With  a  little  practice  it 
becomes  easy  to  read  the  sounder. 

The  Morse  Tnk-Writer,  as  used  in  the  British  Postal 
Telegraph  Service,  is  depicted  in  Fig.  273.  A  piece  of 
clockwork   causes  a  riblioii   of  paper  (coiled  up  in   the 


base  of  the  instrnment)  to  be  slowly  drawn  between 
rollers,  while  the  dots  and  dashes  are  prmted  on  it  by 
the  ink-wheel  affixed  to  the  end  oi  the  lever.    A  momeii- 
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tary  current  prints  a  mere  dot ;  but  if  the  current  con- 
tinues to  flow  for  a  longer  time  while  the  ribbon  of  paper 
moves  on,  the  ink-wheel  records  a  dash.  The  connexions 
show  how  the  instrument  is  worked  by  a  local  battery 
and  a  relay. 

400a.  The  Morse  Alphabets.  —  The  international 
Morse  code,  or  alphabet  of  dots  and  dashes,  is  as 
follows :  — 


A    . 

J     . 

S 

B 

K 

T 

C         .       . 

U 

D 

M 

V 

E    . 

N 

W 

F    .  .       . 

0 

X 

G 

r  . 

Y 

II 

Q .- 

Z 

I     .. 

K    .       . 

The  American  Morse  code,  originated  by  Morse  himself,  is 
used  only  in  tlie  United  States  and  Canada.  It  differs  in  many 
respects  from  tiio  International  code,  the  signals  for  some  of  the 
letters  depending  on  tlie  length  of  the  spacings  between  the  dots 
and  dashes ;  and  more  tlian  four  marks  are  used  to  form  some 
of  the  letters.  The  marks  for  H,  Y,  and  Z  are  four  dots,  but 
they  are  differently  spaced.  The  following  is  the  American 
Morse  code:  — 


A    . 

JVl 

Y 

•    •      •    • 

15    —  .  .  . 

N 

• 

Z 

•      •    •    • 

\j    •  •    • 

0 

•      • 

1 

•                        • 

D 

P 

2 

•    •              •    • 

E    . 

Q 

•    •             • 

3 

•    •    •              • 

F    .       . 

R 

•      •    • 

4 

•    •    •    • 

G 

S 

•    •    • 

5 

II 

T 

G 

r  .. 

U 

•    • 

7 

•    • 

J 

V 

• 

8 

•    •    •    • 

K   - 



9 

•    •    "  '  ^ 

L 

~"  •  • 

0 
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499b,  The  HOTse  Key.  ^  The  kej  uaetl  for  operat 
iiig  llin'w,  ti))egm]il[M.  Tile  \iueiicaii  patkrn  differf 
Homewhiit  from  the  Eui'0]ioau  patti'm  anil  the  mud»  ut 
Be  is  not  precisely  tliu  same 

The  general  appearance  of  the  AuiHriLaii  i)^1,tBiu  of 
Morse  key  is  shown  in  Fig.  374. 


Fie.  av*. 

The  key  is  fastened  to  the  table  by  the  screws  B  and 
L,  the  former  being  insulated  from  the  metai  base  smd 
lever,  while  L  is  not  insulated.  One  wire  is  clamped 
to  the  metal  of  the  key  at  L,  the  other  is  clamped  to  B. 
The  lever,  which  is  provided  with  a  finger-piece,  has  on 
itn  lower  side  a  ahort  platinum  pin  just  above  the  head 
of  the  screw  B,  so  that  when  the  operator  depresses  the 
lever  it  makes  contact  on  tlie  head  of  the  screw  and  com- 
pletes the  circuit  from  B  to  L.  The  range  of  motion 
allowed  the  lever  ia  regulated  by  a  screw-stop  in  the 
further  end  of  tlie  lever.  Beside  the  parts  named  the  key 
is  usually  provided  with  a  switch,  shown  in  the  Fig.  374 
with  a  small  vertical  ha:idte.  When  this  ia  moved  to  the 
left  it  ahort^irciiits  the  key,  and  puts  B  into  direct  con- 
nexion with  L.  Wlieu  moved  to  the  right,  the  circuit  is 
open  until  such  time  us  the  lever  ia  depressed. 

The  Morse  key  as  used  in  the  British  telegraphs  ia 
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in  Fi(,'.  2rJ.  Tilt!  lino  wire  is  connected  with 
tins  central  pivot  A. 
A  spring  keeps  tlie 
front  end  of  the  key 
elevated  when  not 
in  use,  so  that  tlie 

municatidii  through 
'  tlie  rear  end  of  the 

liny  with  the  receiv- 
F[g.  no.  ing   iuBtriituent    or 

relay.  Depressing 
the  key  iireaks  this  communication,  and  liy  putting  tlio 
line  wire  in  coinninnication  with  the  Hendmg  batttiry 
transmits  a  current  through  the  line. 

500.  Op»n  and  Cloaed  Circuit  Working.  —  European 
telegraphs  work  on  the  opon-circuit  plan,  the  battery  being 
out  of  circuit  when  do  message  is  lieing  sent.  Aiaericaii 
telegraphs  are  usually  on  the  cloeed'Circuit  plan,  the 
current  being  always  on  until  inteirnpttid  to  seiid  signals. 
Each  plan  has  its  advantages.  The  closeil-circnit  plan 
enahlea  a  way-tine  to  unite  a  number  of  belated  stations 
all  in  a  single  circuit,  each  one  of  which  can  signal  to  all 
the  rest  by  opening  the  circuit.  Further,  aiiy  failure  in 
the  line  immediately  reports  itself  by  the  .stoppage  of  tbn 
current.  The  open-circuit  plan,  which  is  better  suited 
for  commmiication  among  dense  populations,  and  for  all 
lines  where  no  instruments  are  wanted  to  be  insertJid  at 
intermediate  points,  has  the  advantage  of  only  using  the 
batteries  when  the  telegraph  is  in  actual  use. 

In  the  open-circuit  plan  the  key  acts,  as  previously 
described,  merely  to  open  or  close  the  circuit.  The 
genera!  arrangement  of  apparatus  at  an  intermediate  or 
"  way  "  station  is  shown  in  Fig.  27(i.  The  current  com- 
ing along  the  line  enters  by  the  line  wire  on  tlie  right 
and  comes  in  to  the  metal  ha^e  of  the  key  K,  where  it 
finds  a  passage  along  the  switch  G  (which  is  cloaed)  to 
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ethe  hend  II  of  the  screw  (described  as  screw  B  of  Fijj:, 
FS74).  Thenoe  it  pasBeB  to  tlie  relay  11,  euturing  it  at  the 
ttenninal  A,  passing  around  the  electromajrnut  M  of  the 
I  Telay ;  and   issuing  hy  the   terminal   B   it  passes   down 


\ 

q 

H 

the  line  to  the  next  station.  Tliifi  current  is  furnished 
either  by  a  single  batt«ry  inserted  in  the  line,  or  hy  two 
batteries,  one  at  each  end  of  the  line  acting  in  the  same 
direction.  The  action  of  the  rela-y  is  (.'onsidered  below. 
In  the  open-circuit  method,  as  it  is  necessary  that  a 
line  should  be  cajSibla  of  being  worked  from  either  end, 
a  battery  is  used  at  each,  and  the  wires  so  connected  that 
when  at  either  end  a  message  is  being  received,  the 
buttery  circuit  at  that  end  shuU  be  open.  Fig.  277  shows 
the  simplest  possible  cose  of  such  an  arrangement.  At 
each  end  is  a  battery  xr,  one  pole  of  which  is  put  to  earth, 
and  the  other  cnmmunicates  with  the  middle  point  o' 


Morse  key  K.    This  key  ii 


mged  (like  that  in  Fig. 


[  27S)  so  that  when  it  is  deiireased  to  Rend  a  signal  through 
Lthe  line  it  quits  contact  with  the  receiving  instrument  ai 
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il.9  own  end.  Both  enil»  of  tlia  lerer  must  therefore  be 
iiirnished  ■with  con  tact-]  i  ins  of  platiaium;  and  the  key 
acts  a«  a  two-way  key.     The  current  flowuig  through  the 


line  jiassBB  through  K'  and  onterB  a  receiving  mstrument 
G'  at  the  distant  end,  where  it  produces  a  Hignal,  and 
returna  hy  tlie  earth  to  the  buttery  whence  it  started.  A 
similar  hattjiry  and  key  at  the  distant  end  snffiee  to  trans- 
mit signals  in  the  oppoaite  direction  to  fi  when  K  is  not 
depressed.  The  diagram  is  drawn  as  i£  G  were  a  simple 
gftlvauornetcr ;  but  the  arrangement  would  perfectly  suit 
the  Morse  instmmant,  in  which  it  is  only  required  at 
either  end  to  send  long  and  short  currents  without  revers- 
ing the  direction,  as  with  the  needle  instruments.  In 
this  diagram  the  battery  current  is  never  reversed 
and  the  method  is  known  Qs  a  tinyle-current  raot)io<i. 
There  ia  a  so-called  dnuble-currenl  method  o£  working,  in 
which  reversing  keys  (resembling  the  tapper  of  Fig. 
271)  are  used  to  send  after  each  current  in  the  poaitivo 
direction  a  second  current  in  the  negative  direction.  The 
double-current  method  has  the  advantage  of  enabling 


RELAYS 


tlie  sigiialluig  to  be  uiore  rapid  on  long  lidOfi  when  the 
retardation  due  to  the  static  cliargiiig  of  the  line  ia  of 
iiiijKjrtaiice.  The  second  current  helps  to  curb  the  first 
and  makes  the  signals  shorter  and  sharper. 

501.  Relays.  — Iii  working  over  long  lines,  or  where 
there  are  a,  number  of  inatruiueuts  on  one  circuit,  the 
currents  are  often  not  strong  enough  to  work  the  record- 
ing instrument  directly.  In  such  a  case  there  is  inter- 
pased  a  relaj  or  repeater.  This  instrument  eonsiatB  of 
an  electromagnet  round  which  the  line  current  flows,  and 
whose  delicately  poised  armature,  when  attracted,  makes 
contact  for  a  local  circuit  in  which  a  local  battery  and 
the  receiving  Morse  instrument  (souuder,  or  writer)  are 
included.  The  principle  of  the  relay  is,  then,  that  a  cur- 
rent too  weak  tio  do  the  work  itself  may  set  a  strong  local 
current  to  do  its  work  for  it. 

In  the  American  plan  of  workiiig(Fig. '276),  the  relay 
is  a  simple  electromagnet  having  a  soft-iron  core,  and  an 
armature  of  iron  which  it  attracts  whenever  a  current 
flows  round  its  coils.  It  pulls  its  armature  no  matter 
which  way  the  current  flows.  Such  a  non-polarized 
relay  of  the  Western  Union  pattern  is  depicted  in  Fig. 
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278.  Its  mode  of  operation  is  explained  by  the  dia- 
grammatic plan  of  Fig.  'Srn.  Here  M  is  the  electroDiag- 
not,  witli  its  iron  armature  lightly  pivoted  at  P,  and 
controlled  by  the  spring  V.   When  any  current  passes,  the 
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light  lever  or  tongue  on  which  the  armature  is  i. 
tunia  on  Us  pivot  P,  and  makes  contact  against  the  stop  D 
tliereby  closing  a  local  eirouit  DXLSYP,  which  incliu" 
the  sounder  S  and  a  local  battery  L. 

In  the  closed-circuit  method  of  working,  and  i 
duplex  telegraphy  "polarized  relaj^"  are  used,  which 
will  respond  to  cnrrents  flowing  in  one  direction  ouly. 
The  polarized  relay  of  SieuieiiB's  pattern  is  shotvii  in 
diagram  in  Fig.  279.  In  it  a  ])ermanently  m^netize^l 
steel  magiii-t  in  employed  to  prodticH  an  initial  magnetii 
in  tlie  Qores  of  the  eleutrtiinagoet,  and  in  the  ^<ivt 
lever  or  tongue.     The  inngnet  has  itn  S  pole  iient  up  akl 
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riglit  angles  and  divided  ao  that  the  tongue  nD  of  tike  J 
relay,  which  is  of  iron,  may  he  tliereby  jiolarized  or  1 
given  a  south  polarity.  Attached  to  the  N  pole  of  the:l 
magnet  are  the  two  cores,  over  which  the  two  bobbins  I 
are  slipped,  these  cores  ending  in  the  two  pole-pieces  ■ 
marked  n,  n',  which  are  of  northern  polarity.  They  botin  1 
attract  the  tongue  that  lies  between  them,  the  nearer  oDail 
pulling  more  strongly.  If  now  a  current  circulates  round-J 
the  coils  it  will  tend  to  strengtlien  one  of  the  pol^  and  M 
weaken  the  other.  If  it  flows  in  such  a  direction  a 
sti'engtheit  n  and  weaken  n',  the  tongue  will  be  attracts 
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over  and  will  make  coatoct  af^ainxt  the  stop  wliicli  is  in 
1  with  the  local  battery,  and  so  will  work  the 
sounder.  If  the  current  flows  in  the  opposite  sense,  bo 
aa  to  weaken  n  and  strengthen  >i',  the  tongue  will  tend  to 
i  the  other  way  and  will  make  no  signal.  Even 
when  there  is  no  current  the  tongue  returns  back,  being 
attracted  to  the  nearer  pole-piece.  No  springs  are 
necessary. 

The  sensitive  form  of  polarized  relay  adopted  in  tlie 
British  Postal  Telegraphs,  is  shown  in  Fig.  260.  Here  the 
tongue  of  the  relay  isfixed 
on  a  vertical  spindle,  piv- 
oted in  jewelled  holes, 
which  has  two  short  iron 
projections  upon  it.  This 
spiniUe  is  polarized  by  a 
powerful  steel  magnet  of 
compact  shai»e.  The  two 
projections  lie  between  a 
pair  of  upper  and  a  pair 
of  lower  pole-pieces  upon 
the  two  vertical  iron  cores 
of  the  electromagnets. 
These  ore  wound  with  coils 
of  exceedingly  fine  silk- 
en vered  wire.  The  con- 
nexions are  indicated  in  Fig.  273  where  the  tongue  of  the 
relay  is  shown  to  make  circuit,  wlien  it  touches  the  stop, 
for  a  local  battery  arid  the  Morse  ink-writer.  Whenever 
a  current  comes  in  the  right  direction  in  the  line  it  causes 
the  tongue  of  the  relay  to  close  the  hical  circuit,  and 
causes  the  Morse  to  record  either  a  dot  or  a  dash  on  tlie 
strip  of  paper. 

602.  PaulU  in  Telegraph  Lines.  —  Faults  may  occur 
in  telegraph  lines  from  several  causes;  either  from  the 
breakage  of  the  wires  or  conductors,  or  from  the  break- 
age of  the  insulatoi-s,  thereby  shoi'Ucircuitiiig  the  current 
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throngfa  Um  earth  before  it  i«Khes  the  distant  station, 
or,  a«  in  orerhexl  wires,  by  two  conducting  wires  touch- 
ing one  another.  ^'ariouH  modes  for  testing  the  existence 
and  position  oC  faults  are  known  to  telegraph  engineers; 
the;  depend  upon  accurate  tneuurements  of  resistance  or 
of  eapscitj.  Thus,  if  a  telegraph  cable  part  in  uiid-oceaii 
it  is  possible  to  calculate  the  distance  from  the  shore  end 
to  tba  brokeu  end  b;  comparing  the  resistance  that  Llie 
cable  is  known  to  offer  per  mile  with  the  resistance 
offered  by  the  length  up  to  the  fault,  and  dividing  tiie 
latter  by  the  former. 

503.  Duplex  and  Qnadmplez  Telegraphy.  —  To  sen 'I 
two  messages  through  one  wire,  one  from  each  end.  at 
the  same  time,  is  known  as  ditplez  working.  There  are 
two  distinct  methods  of  arranging  at>paratus  for  duplex 
working.  The  Bret  of  these,  known  as  the  ilifferentiai 
nulhinl.  involvea  the  use  of  instruments  wound  with  dif- 
ferential coils,  and  is  applicable  to  special  cases.  The 
second  method  of  duplex  working,  known  as  the  bridge 
vulkod,  is  capable  of  much  more  general  application.  The 
diagram  of  Fig.  231  will  explain  the  general  principle. 
The  first  requirement  in  duplex  working  is  that  the 
instrument  at  each  end  shall  only  move  in  response  to 
signals  from  the  other  end,  so  that  an  operator  at  R  may 
be  able  to  signal  to  the  distant  instrument  M'  without  his 
own  instrument  M  being  affected,  M  being  all  the  while 
in  cii'cuit  and  able  to  receive  signals  from  the  distant 
operator  at  R'.  To  accomplish  this  tlie  circuit  is  divided 
at  R  into  two  branches,  which  go,  by  A  and  B  respectively, 
the  one  to  the  line,  the  other  through  a  certain  resistance 
P  to  the  earth.  If  tiie  ratio  between  the  rosistancea  in 
the  arms  RA  and  TLB  is  equal  to  the  ratio  of  the  resistances 
of  the  line  and  of  I',  then,  by  the  principle  of  Wheatstoiie's 
Bridge,  no  current  will  pass  through  M.  So  M  does  not 
show  any  currents  sent  from  R;  but  M'  will  show  them, 
for  the  current  on  arriving  at  C  will  divide  into  two 
parts,  part  flowing  round  to  the  earth  by  R',  the  other 


part  flowing  through  M'  and  producing  a  sigual.  If, 
while  this  is  going  on,  the  operator  at  the  distant  K' 
I  key  and  sends  an  equal  curreut  Iq  the 


opposite  direction,  the  flow  through  the  liiie  will  cease ; 
but  M  will  now  show  a  signal,  because,  although  no 
current  flows  through  the  line,  the  current  In  the  branch 
KA  will  now  flow  down  through  M,  aa  if  it  had  come 
.  from  the  distant  R',  so,  wliethej'  the  operator  at  R  be 
signalling  or  not,  M  will  respond  to  signals  sent  from  R'. 
In  dupleKing  long  lines  and  cables  condensers  are  em- 
ployed in  the  arms  RA  and  RB  of  the  bridge;  and 
instead  of  a  mere  balancing  resistance  at  P  and  Q  there 
la  used  an  "artiUcial  cable,"  a  combination  of  condensers 
and  resietancea  to  imitate  the  electrical  properties  of  the 
actual  line  or  cable  between  the  stations. 

The  Diplez  method  of  working  conaisls  in  sending 
two  raessagoa  at  once  through  a  wire  in  the  same  direc- 
tion. To  do  this  it  is  needful  to  employ  one  set  of  iustru- 
rneiits  which  works  only  with  currents  in  one  given 
direction,  and  a  second  set  which  works  uiily  when  the 
current,  in  either  direction,  exceeds  a  certain  strength. 
The  method  involves  the  use  of  polarized  relays,  which, 
being  themselves  permanently  nnBgnetized,  respond  there- 
fore only  to  currents  in  one  direction,  and  of  set-up  non- 
polarized relaj's  which  will  not  i-espond  to  currents  below 
a  certain  minimum.  Two  keys  are  used;  one  reversing 
the  current  and  sending  it  in  either  positive  or  negative 
direction,  the  other  sending  current  always  in  the  same 
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direction,  but  M)jtieti[nes  weak,  sometiines  stioiig.  Uiie 
key  conlrola  the  'Ureclion,  ttie  otiier  the  slretiffth  of  the 
current. 

ison  for  transmitting  is  shown 
n  shown  tlie  battery  B  has  its 
terminals  at  N  and  P;  the 
current  passing  from  B 
through  Kj  to  the  spring  S, 
and  tlience  to  P.  If  the  key 
K'  18  -worked,  the  currenU 
flow  into  or  out  of  the  line, 
and,  if  a  polarized  relay  in 
inserted  at  the  distant  re- 
ceiving  station,  it  will  work 
its  sounder  only  for  currents 
in  one  direction,  as  sent  by 
K',  no  matter  whether  these 
currents  are  strong  ur  weak. 
As  shown  ill  the  figure,  tlie 
second  battery  B',  which 
has  moie  cells  than  B,  is  on 
open  circuit.  If,  however, 
Kj  be  depressed,  the  spring  S  comes  into  contact  with  the 
point  tii  and  breaks  contact  with  n,  so  that  now  the  entire 
range  of  batteiy  is  thrown  into  operation.  Whenever 
Kg  is  depressed,  therefore,  the  points  N  and  P  retain  tVieir 
polarity,  but  the  current  is  of  three  or  four  times  its 
original  strength.  All  contacts  are  made  by  springs 
properly  adjusted  so  that  K,  never  breaks  the  cireuit  in 
producing  the  change  of  strength  of  current.  The  mes- 
sage transmitted  by  K,  is  reaeived  on  a  non-polarized 
relay,  the  tongue  of  which  ia  controlled  by  a  spring  ao 
adjusted  that  the  weak  currents  of  battery  B  will  not 
cause  t!>e  electromagnets  to  pull  over  the  armiiture;  but 
when  Kj  is  worked,  the  current  due  to  B  +  H'  easily  pulls 
the  armature  over. 

The    Qaadniplex    method   of  working  combines   the 


duplex  and  the  diples  methods.  On  one  und  tii«  name 
liiiu  are  used  two  sets  of  recsiviug  instruments,  one  of 
which  (worked  by  n  polarized  relay)  works  only  when 
the  dircrlion  of  the  current  is  changed,  the  otlier  of  which 
(worked  by  a  non-polftrized  relay  adjusted  with  apriiigs 
to  move  only  with  a  certaiu  minimum  force)  works  only 
when  the  strength  of  the  current  is  changed  and  is  inde- 
pendent of  their  direction.  lu  quadruples  working,  aa 
ill  duplex  worfeing,  there  are  two  general  methods ;  differ- 
ential methods,  depending  upon  the  balancing  of  curreutB 
in  two  seta  of  windings ;  and  bridge  methods,  depending 
upon  the  balancing  of  potentials  aa  in  a  Wheatstone's 
bridge.  If  in  Fig.  281,  —  which  ia  a  bridge  method, — - 
the  diplex  transmitting  apparatus  just  deacrilied  were  io- 
aerted  at  each  end  instead  of  the  two  keya  R  and  R',  and 
if  between  A  and  B  were  placed  in  aerie.'i  the  two  relays, 
the  figure  would  repreaent  the  general  arrangement  of 
the  qiiadmplex  system  as  used  widely  in  the  United 
States.  The  differential  method,  as  distill guishod  from 
the  bridge  method  of  duplexing,  is  also  commonly  used 
in  quadruplex  telegraphy,  especially  on  laitd-liues  not 
exceeding  3lH)  miles  in  length. 

The  two  methods  of  quadruplex  working  will  be 
readily  understood  by  reference  to  Figs.  283  and  284. 
Fig.  283  shows  the  arrangement  of  the  apparatus  at  one 
end  of  the  line  for  qnadmplexing  according  to  the  bridge 
metliod.  There  are  two  transmitters  T,  and  T,  and  two 
receiving  relays  R,  and  B,,botli  the  latter  being  included 
in  the  bridge  circuit  corresponding  to  the  position  of  the 
receiving  instrument  M  in  Fig.  S81-  A  similar  set  of 
transmitting  and  receiving  instruments  are  similarly 
grouped  at  tiie  other  end  of  tlie  line.  The  transmitter 
T|  reverses  the  direction  of  the  current  of  the  battery  B, 
without  altering  its  strength.  The  transmitter  Tj  throws 
in  the  augmenting  battery  B,  to  alter  the  strength  of  the 
current  without  changing  its  direction.      It  therefors 


542  ELECTIIICITY  AND   MAC.NETISM       part  I 


*p.  Ill      QUADRUPLEX   TELEGRAPHY  543 

corresponds  in  its  action  to  Kj  in  Fig.  282,  but  instead 
of  beiiig  worked  hy  tiaiid  it  is  worked  by  an  etectromag- 
net  iu  circuit  with  a  small  battery  ftj  and  operated  t^ 
the  key  K^.  It  h  found  thut  the  electron! ag net  works 
the  lever  of  Tj  with  greater  shaqiiiess  and  precision  than 
can  be  attained  by  hand  with  a  key  like  K,,  and  is  not 
so  fatiguing  to  the  operator.  So  long  as  tVie  lever  of  T, 
is  in  the  position  shown  in  the  figure,  the  battery  B,  only 
is  in  circuit;  but  when  the  lever  is  depressed  the  smaU 
spring  t  connects  wire  w  to  the  positive  pole  of  the  bat- 
tery Bj,  thereby  causing  a  current  of  four-fold  strength 
to  flow  to  the  line.  The  instrument  T,  is  a  pole-chanijtr 
corresponding  to  K,  iu  Fig.  283,  and  merely  reverses  the 
direction  of  the  current  in  the  line.  The  receiving 
instrumenlM  which  are  aitunted  in  the  bridge  are  unaf- 
fected by  the  working  of  the  transmitters  K,  and  K,  at 
the  same  end  of  the  line,  but  respond  to  the  signals  sent 
from  the  distant  station  at  the  other  end.  The  receiving 
instrument  R,  is  a  polarized  relay  which  responds  only 
to  currents  in  the  jiositive  direction,  whatever  their 
strength ;  it  therefore  actuates  the  sounder  S,  only  when 
the  key  K,  of  the  distant  statioD  is  depressed.  The  other 
receiving  instrument  R,  is  a  non-polarized  (or  "neutral") 
reiny,  the  lever  of  which  is  held  back  by  an  adjustable 
spring.  It  will  resp<md  to  currents  that  flow  in  either  the 
positive  or  the  negative  direction,  hut  only  whan  tliey  are 
of  the  increased  strength  caused  by  depressing  the  key 
K,  at  the  distant  station.  It  may,  however,  happen  that 
ft  reversal  of  the  current  by  K,  occurs  in  the  middle  of  a 
signal  with  K,;  and  this,  if  it  occurred,  would  cause  R, 
to  let  slip  its  armature  for  a  fraction  of  a  second,  produc- 
ing the  effect  of  a  double  signal  in  the  sounder  S,  if  this 
were  worked  directly  by  Rj.  To  avoid  this  detect  an 
in^.rmediate  relay  (an  up-righting  sounder)  S^  is  intro- 
duced in  a  local  circuit  of  its  own  between  R,  and  Sj. 
Sg  operates  S,  by  contact  with  its  hack  stop,  so  that  a 
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iiLomt-jitary  release  of  the  lever  of  Rj  rioea  not  iiffect  Sj 
unli'ss  llii'  iiitprval  of  time  is  great  enough  tor  the  lever 
of  S,,  til  ri'iieh  its  hack  Btop.  The  arttiitioiml  magnet  in 
in  Hannii  with  the  cotidenaer  e  is  far  the  following  pur- 
pose. While  Kj  is  reversing,  the  condenser  discharges 
itself  through  m  and  thua  holds  the  lever  just  at  the  dead 

When  the  differential  method  ia  employed,  the  trans' 
niitliiig  keys  may  In:  arranged  ae  in  Fig.  283,  but  (in 


lieu  of  tlie  bridge  arrangement)  after  the  circuit  divides 
into  two  at  the  point  j,  the  two  brandies  are  wound 
differentially  upon  the  two  relays  R^  and  Rj  as  shown  iti 
Fig.  283a.  One  of  these  branches  goes  to  the  line,  the 
other  (shown  dotted)  goes  to  earth  through  reaistaQcea 
and  condensers  acting  as  an  artificial  line  and  constructed 
to  balani.'e  the  resistance  and  capacity  of  the  actual  line. 
Any  current  coming  from  the  transmitters  in  the  home 
station,  divides  into  two  equal  parts  which  circulate  lu 
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opiwsite  directiona  around  the  coils  of  tlie  relays,  and 
thus  produce  no  effect.  A  current  from  the  distant 
^  station  works  tlie  polarized  relay  R,  if  flowing  iti  the 
positive  direction,  aud  works  tlie  noii-poliu'ized  set-up 
relay  Rj  if  of  Buflicient  strength.  The  consequencas  oE 
the  keys  at  both  eiidii  being  worked  at  the  same  time 
are  much  the  same  aa  with  the  bridge  method ,  and  can 
easily  be  folloned  out  by  the  student,  who  nd]  see  that 
there  are  18  different  possible  positions  of  the  kejs,  in 
all  of  which  the  effect  upon  the  distant  statmu  recenera 
is  exactly  the  same  as  iE  the  distant  slation  kevs  were 
not  being  worked;  the  recpivinj;  rehns  it  one  end 
answering  only  to  signals  sent  from  the  other  end 


i  I.l.  —  C'llile  Telegraphy 


504.   Submarine  Cables  —  TelegripliK 
tion  between  two  countries  separated  by  a  strait  or  ocean 
is  carriccl  on  through  cables  sunk  to  the  bottJini  of  tlie 


IP 


sea,  which  carry  conducting  wires  carefully  protected  by 
ail  outer  sheath  of  insnlating  and  proleutiiig  mat^niUs. 
The  conductor  is  usually  of  purt^t  iioipper  wire,  weighing 
from  70  to  4t)0  lbs.  per  iiaiiticai  mile,  mii.de  in  a  tieven- 
,  fold  strand  to  leaser  risk  oE  bi'eakhig.  Figs.  3S4it  and 
-2846  show,  in  tlieir  natural  size,  sections  of  tlie  Atlantic 


54a 


KI.ECTRICnr   AND   MAGNETISM 


cables  laid  in  1857  aiid  1866  respectively.  In  the  latter 
cable,  which,  is  of  the  usual  type  of  cable  for  long  lines, 
the  core  in  protected  first  by  a  stout  layer  of  guttapercha, 
then  by  a  woven  coating  of  juto,  and  outside  all  an 
external  sheiith  made  of  ten  iron  wires,  eiicii  covered 
with  hemp.  The  snore  eiidx  ara  even  more  strongly  pro- 
tected by  external  wii-es. 

606.    Speed  of  Signalliag  tliraugh  Cables Signals 

transmitted  through  long  cables  are  retarded,  the  re- 
tardation being  due  to  two  causes. 

Fksili/,  The  self-induction  of  the  circuit  prevents  the 
current  from  rising  at  once  to  its  height,  the  retaj'dation 
being  expressed  by  Helmholtz's  equation  (Art.  460). 

Secnnilli/,  The  cable  in  its  insulating  sheath,  when 
immersed  in  water,  acts  laterally  like  a  Leyden  jar  of 
enormous  capacity  (as  explained  in  Art.  274),  and  the 
first  portions  of  the  current,  instead  of  flowing  through, 
remain  in  the  cable  as  an  electrostatic  charge  on  the  sur- 
face of  the  guttapercha.  For  every  separate  signal  llie 
cable  must  be  at  least  partially  charged  and  then  dis- 
charged. Culley  states  that  when  a  current  is  sent 
through  an  Atlantic  cable  from.  Ireland  to  Newfoundland 
no  effect  is  produced  on  the  most  delicate  instrument  at 
the  receiving  end  for  two-tenths  of  a  second,  and  that  it 
requires  three  seconds  for  the  current  to  gain  its  full 
strength,  rising  in  an  electric  wave  which  travels  forward 
through  the  cable.  The  strength  of  the  current  falls 
gradually  also  when  the  circuit  is  broken.  The  greater 
part  of  this  retardation  is  due  to  electrostatic  charge,  not 
to  electromagnetic  self-induction.  The  time  required  to 
transmit  a  given  number  of  signals  varies  in  proportion 
both  to  K  tiie  capacity  ami  R  the  resistance  of  the  cable : 
it  is  thei-efore  proportional  to  KR,  and  as  each  of  these 
quantities  is  proportional  to  the  length  of  the  cable,  it 
follows  that  the  retardation  is  proportional  to  the  xqaare 
of  Ihe  Ifiiglh  of  the  cable.  The  various  means  adopted 
to  get  rid  of  this  i-etardation  are  explained  in  Art.  323, 
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It  is  uBual  to  iiisert  in  the  cirnuit  at  each  end  of  the  nahle 
a  condenser  of  several  luicroEiirads,  through  whicli  the  sig- 
nals pass.  The  teodency  of  the  condenser  to  dischat^e 
helps  to  curb  the  sigualH  and  make  ea:Ch  shorter  and 
sharper.  It  b  theoretically  possible  (compare  Art  438) 
to  compensate  capacity  by  self-induction;  but  as  the 
capacity  of  a  cable  is  lateral,  iiot  longitudinal,  and  dis- 
tributed all  along  it,  the  self-induction  coils  to  ooinpen- 
sate  the  retardation  would  have  to  he  applied  as  shunts 
at  intervals.  A  cable  with  a  self-inductive  shunt  or  leak 
at  a  point  near  its  middle  ti'anstnits  signals  more  rapidly 
than  one  not  so  compensated, 

506.  fieceiving  Instruments  for  Cables.  —  TheraiVrar- 
galcauometer  of  Lord  Kelvin  (Art.  215)  was  devised 
for  cable  signalling,  the  movements  of  the  spot  of  light 
sweeping  over  the  scale  to  a  short  or  a  long  distance 
sufficing  to  signal  the  dots  and  dashes  of  the  Morse 
code.  Lord  Kelvin's  Siphon  Recorder  is  an  instrument 
vhich  writes  the  signals  upon  a  strip  of  paper  by  the 
following  ingenious  means;- — The  cable  commnnicates 
with  a  delicately-suspended  coil  of  wire  that  hangs  be- 
tween the  poles  of  a  powerful  magnet.  To  the  suspended 
coil  is  attached  a  fine  siphon  of  glass  suspended  by  a  silk 
fibre,  one  end  of  which  dips  into  an  ink  vessel.  The  ink 
makes  marks  upon  a  strip  of  paper  (moved  by  clockwork 
vertically  past  the  siphou),  friction  being  obviated  by 
giving  the  siphon  a  continual  minute  vibration.  The 
siphon  record  is  a  wavy  line  having  short  and  long  waves 
for  dots  and  dashes. 


Lesson  LII.  —  Miscellaneous  TelegrnpJis 

507.  Multiplex  Telegraphs.  —  Varley  proposed  to 
send  messages  by  transmitting  electrically  musical  tones, 
interrupted  to  sonnd'  m  dots  and  dashes.  This  necessi- 
tated the  transmissioa  of  currents  either  rapidly  altemat- 


ELECTRICITY   AND   MAGNETISM 


ing  or  rapidly  intermittent.  Gray,  who  constructed 
harmonic  leUgraphu  on  thia  plan,  found  it  possible  to 
transmit  five  or  six  inessag'ea  simultaneously  in  one  line. 

By  using  at  each  end  of  a.  line  two  synchronously 
revolving  distributing  switches,  it  is  possible  to  send 
several  measnges  at  once  through  &  line;  the  distributors 
(invented  by  DeUny)  causing  each  transmitting  instru- 
ment to  tie  in  circuit  with  its  corresponding  receiving 
instrument  for  a,  small  fraction  of  a  secoud  at  regular 
short  in1*i-vals. 

508.  Electric  Bells.  —  The  common  forni  of  Electric 
Trembling  Bell  (invented  1850  by  John  Mirand)  consists 
of  an  electromagnet,  wliiuh  moves  a  hammer  backward 
and  forward  by  alternately  attriuting  and  relettsiiig  it,  so 
that  it  beats  against  a  bell.  The  arrangements  of  the 
instrument  are  shown  in  Fig.  285,  in  which  E  is  the 
electromagnet  and  H  the  liamnier.  A  battery,  consisting 
of  one  or  two  Leclanchii  cells  placed  at  some  convenient 
point  of  the  circuit,  provides  a  current  when  required. 
By  touching  the  "  push  "  P,  the  circuit  is  completed,  and 
a  current  flows  along  the  line  and  round  the  coils  of  the 
electromagnet,  which  forthwith  attracts  a  small  piece  of 
soft  iron  attached  to  the  [ever,  which  terminates  in  the 
hammer  H.  The  lever  is  it-aelf  included  in  the  circuit, 
the  current  entering  it  above  and  quitting  it  at  C  by  a 
contact-breaker,  consisting  of  a  spring  tipped  with  plat- 
inum resting  against  the  platinum  tip  of  a  screw,  from 
which  a  return  wire  passes  back  to  the  zinc  pole  of  the 
battery.  As  soon  as  the  lever  is  attracted  forward  the 
circuit  is  broken  at  C  by  the  spring  moving  away  from 
contact  with  the  screw ;  hence  the  current  stops,  and  the 
electromagnet  ceases  to  attract  the  armature,  but  the 
momentum  of  the  hammer  carries  it  forward.  Imme- 
diately afterwards,  however,  the  hammer  falls  back,  again 
establishing  contact  at  C,  whereupon  the  armature  is  once 
more  attracted  forward,  and  so  on.  Tlie  impulses  would 
not,  however,  maintain  the  motion  if  it  were  not  fur 
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I  the  retai'ding  effects  ot  fielf'iiiiluctioii  in  the  circuit. 
J  But  for  this  the  attraction  duriug  the  backward  move- 
[  meut  cif  tlie  arniatitre  would  be  precisely  i>qual  to  that 
duriiig  its  furwnrd  movement.  The  puali  P  is  shown 
in  seclioii  in  Fi^'.  Still.  It  usually  ctiiiaista  of  a.  cyliiiilri' 
cal  knoll  of  ivory  or  poi'CGlain  capable  of  moving  loosely 
through  a  hole  in  a  circular  support  of  porcelain  or  wood, 
and  which,  when  pressed,  forces  a  platiiiura-tipped  spring 


i 
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f^ainst  B  metal  pin,  and  so  makes  ele(,trical  contact  be- 
tween tlie  two  parta  of  the  interrupted  uitcuit  Bella, 
having  a  polarized  armature  and  without  auy  break, 
are  uned  as  call-bells  or  telephones  the  generator  bemg 
a  small  magneto  alternator  like  Fig  2a9  dnven  by  a 
ham  lie. 

609.  Electric  Clocks  and  ChroDOgraphs. — Clocks  may 
be  eitlier  driven  or  controlled  by  electric  currents.  Bain, 
Hipp,  and  others  have  devised  electric  clocks  of  tlie  first 
kind,  iu  which  the  ordinary  motive-power  of  a  weight  or 
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spriug  is  abandoned,  the  clock  Iwiiig  diiven  by  its  jwii- 
dulum,  tbe  "bob"  of  which  is  an  elrctroiuiignet  alter- 
nately attracted  from  side  to  side.  'I'lii;  difficalty  of 
maintaining  a  [lerfectly  t^unstaiit  battery  current  hati 
prevented  such  i:l<n'ki4  fruui  coming  iiilo  use. 

Klectrically  coiitrolled  clockn,  governed  by  a  Btandaid 
central  clock,  have  proved  a  more  fruitful  invention.  In 
these  the  standard  timekeeper  is  constructed  bo  aa  to 
complete  a  circuit  periodiually,  once  every  minute  or  half 
niiiiute.  The  transmitted  currents  set  in  movement  thu 
haiiiis  of  a  system  of  dialR  plaoed  at  distant  points,  by 
causing  an  electromagnet  placed  li«hjnd  each  dial  to 
attract  an  aimatui'e,  which,  acting  upon  a  ratchet  wliecl 
by  a  pawl,  causes  it  to  move  forward  through  one  tooth 
at  each  specified  interval,  and  so  carries  the  hands  round 
at  the  same  rate  as  those  of  the  standard  clock. 

Electric  chronogrnphs  are  used  for  measuring  very 
small  intervals  of  time.  A  stylus  fixed  to  the  armature 
of  an  electromagnet  traces  a  line  upon  a  piece  of  paper 
fixed  to  a  cylinder  revolving  by  clockwork.  A  cuirent 
sent  through  the  coils  of  the  electromagnet  moves  the 
arniature  and  causes  a  lateral  notch  in  the  line  so  traced. 
Two  currents  are  marked  by  two  notches;  and  from  the 
interval  of  Hpaee  between  the  two  notehes  the  interval  of 
time  which  elapsed  between  the  two  currents  may  be  cal- 
culated to  the  teu -thousandth  i>art  of  a  second  if  the 
speed  of  rotation  is  accurately  known.  The  velocity  with 
which  a  cannon  ball  moves  along  the  bore  of  the  cannon 
can  be  measured  thus. 


CHAPTER  xrn 


Lebbon  lAU.  — Electric  Telephones 

610.  Early  Telephones.  —  The  first  auccessful  attempt 
to  transmit  sounds  eleotricully  was  made  in  1861  by  Reia, 
who  succeeded  in  conveying  musical  and  other  tones  by 
an  imperfect  telephone.  In  t\\\a  instrument  the  voice 
was  caused  to  a«t  upon  a  point  of  loose  contact  in  an 
electric  circuit,  and  by  bringing  tho.'je  parts  into  greater 
or  leas  intimacy  of  contact  (Art.  iOO),  thereby  varied  the 
resistance  offered  to  the  circuit.  The  transmitting  part 
of  Reis'a  telephone  consisted  o£  e.  battery  and  a  contact- 
breaker,  tlie  tatter  being  formed  of  a  tympanum  or  diti- 
phragm  of  stretched  membrane,  capable  of  taking  up 
sonorous  vibrations,  and  having  attached  to  it  a,  thin 
elastic  strip  of  platinum,  which,  as  it  vibrated,  beat  to 
and  fro  against  the  tip  of  a  platinum  wire,  so  making  and 
breaking  contact  wholly  or  partially  at  each  vibration  in 
exactly  the  same  manner  as  is  done  with  tlie  carbon 
contacts  in  the  modern  transmitters  of  Blake,  Bci'liner, 
etc.  The  receiving  part  of  the  instrument  consisted  of  an 
iron  wire  fixed  upon  a  Bonn  ding-board  and  surrounded 
by  a  coil  of  insulated  wire  forming  part  of  the  circuit. 
The  rapid  magnetization  and  demagnetization  of  such  an 
o  will  produce  audible  sounds  (Art.  124).  If  the 
I  current  vary,  the  iron  wire  is  partially  magnetized  or 
561. 
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deniagric tiled,  giving  rise  to  oorrespondiiig  vibrations  of 
varying  amplitudes  and  forms;  hence  such  a  wire  will 
serve  perfectly  as  a  receiver  to  reproduce  speech  if  a  good 
transmitter  is  used.  Reis  hitnsislf  transmitted  apet;ch 
with  his  instrument,  but  only  imperfectly,  for  all  totieH  of 
speech  cannot  be  traiianiitted  by  abrupt  interruptions  of 
the  eunent,  to  which  Iteis's  transtnitter  ia  prone  when 
spoken  into,  owing  to  the  extrefne  lightness  of  the  contact : 
they  require  gentle  undulations,  sonietiuies  simple,  souie- 
timea  complex,  according  to  the  nature  of  the  sound. 
The  vowel  sounds  are  produced  by  periodic  and  complex 
movements  ia  the  air;  the  consonants  being  for  the  moat 
part  11  on-periodic.  Reis  also  devised  a  second  receiver,  in 
which  au  electromagnet  attracted  an  elaatically-supporteil 
armature  of  iron,  which  vibrated  under  the  attraction  of 
the  more  or  leas  interrupted  current. 

In  1876  Elisha  Gray  devised  a  transmitter  in  which 
a  variable  water-resistaiice  (made  by  a  platinum  wire 
dipping  into  water)  was  acted  upon  by  the  voice.  lie 
designed  an  electromagnetic  receiver. 

Telephone  receivers  were  invented  by  Varley  and 
Dolbear,  in  which  the  attraction  between  tlie  oppositely- 
electrified  armatures  of  a  condenser  ia  utilized  in  the  pro- 
duction of  Bonnda.  Dolbear's  receiver  consists  merely  of 
two  thin  metal  disks,  separated  by  a  very  thin  air-space. 
As  the  varying  currents  flow  into  and  out  of  this  con- 
denser the  two  liiaka  attract  one  another  more  or  less 
strongly,  and  thereby  vibrations  ai-e  set  up  which  corre- 
spond to  the  vibrations  of  the  original  sound. 

In  1876  Graham  Bell  invented  the  magneto-telephone. 
In  this  instrument  the  speaker  talks  to  an  elastic 
plate  of  thin  sheet  iron,  which  vibrates  and  ti'ansmits 
its  every  movement  electrically  to  a  similar  plate  in 
a  similar  telephone  at  a  distant  station,  causing  it  to 
vibrate  in  an  identical  manner,  and  thereby  to  emit 
identical  sounds.  The  transmission  of  the  vibrations 
depends  upon  the  principles  of   magneto-electric  indue- 
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tiou  explained  in  Lesson  VIII.     Fig.  287  shows  Bell's 
Telephone  in  section.    The  disk  D  is        _ 
placed  behind  a  conicul  mouthpiece,  to 
which  the  Rpeaker  places  his  month  or 
the  hearer  his  ear.     Behind  tlie  disk  is  a 
magnet  AA  running  the  length  of  tlie 
instrument ;    and    upon  its  front  pole, 
which  nearly  touches  the  disk,  is  fixed  a 
small  bobbin,  on  which  in  wound  a  coil  C 
of  fine   insulated  wire,  the   ends  of  the 
coil  being  connected  with  the  terminal 
screws  FF.    One  such  instrument  is  used  I 
to  transmit,  and  one  to  receive  the  sounds,  j 
the  two  being  connected  in  simple  circuit. 
No  battery  ia  needed,  for  the  transmitting  *^"  ^^' 

instrument  itself  generates  the  induced  currents  as  fol- 
lows; The  magnet  A  A  induces  a  certain  number  of 
magnetic  lines  through  the  coil  C.  Many  of  these  pass 
into  the  iron  disk.  When  the  iron  disk  in  vibrating 
moves  toward  the  magnet-pole  more  magnetic  lines  meet 
it ;  when  it  recedes,  fewer  lines  meet  it.  Its  motion  to 
and  fro  will  therefore  nUer  the  number  of  lines  Khich  pass 
through  the  hollow  of  the  coil  C,  and  will  therefore  (Art.  107) 
generate  in  the  wire  of  the  coils  currents  whose  strength 
is  proportional  to  the  rat«  of  change  in  the  number  of 
the  lines.  Bell's  instrument,  when  used  as  a  transmitter, 
may  therefore  be  regarded  as  ft  sort  of  vibrating  dynamo, 
which  pumps  currents  in  alternate  directions  into  the 
wire.  At  the  distant  end  the  currents  as  they  arrive 
flow  round  the  coils  either  in  one  direction  or  the  other, 
and  therefore  either  add  momentarily  to  or  take  from  the 
strength  of  the  magnet.  When  the  current  in  the  coils 
is  in  such  a  direction  an  to  reinforce  the  magnet,  the 
magnet  attracts  the  iron  disk  in  front  of  it  more  strongly 
than  before.  If  the  current  is  in  the  opposite  direction 
tiie  disk  is  less  attracted  and  flies  back.  Hence,  whatever 
imparted  to  the  disk  of  the  transmitting 


ELECTRICITY   AND   MAGNETISM      part  i 


telephone,  the  disk  i>f  the  distant  receiving  telephone  is 
furced  to  1-epea.t,  mid  it  therefore  throws  the  air  iuto 
aimiliir  vibratious,  nnd  ho  reproduces  the  sound.  Bell's 
method  of  trauBDiitting  was  soou  abitndpued  (except  for 
very  short  lines).  In  modern  telephonic  work  Reis's 
plan  of  using  a  separate  transmitter  with  a  battery  is 
universat,  the  Bell  instrument  being  used  as  a  t'eceiver 
only  aud  not  as  a  transmitter. 

611.  Edison's  Transmitter.  —  Edison  constructod  a 
transmitting  instrument,  in  which  the  vibrations  of  the 
voice,  actuating  a  diaphragm  of  mica,  made  it  exert  more 
or  less  couipresaion  on  a  button  oi  prepared  lainji-blai^k 
placed  in  the  circuit.  The  resistance  of  this  is  affected 
by  pressure  of  contacl« ;  hence  the  varying  pressures  due 
to  the  vibrations  cause  the  button  to  offer  a  varying 
resistance  to  any  curi'ent  flowing  (from  a  battery)  in  the 
circuit,  and  vary  its  strength  accordhigly.  This  varying 
current  m.ay  ba  received  as  before  ui  an  electromagnetic 
receiver  of  the  type  described  above,  and  there  set  up 
corresponding  vibrations.  This  instrument  also  has  been 
abandoned  in  favour  of  transmitters  of  the  microphone 
type.  Edison  also  invented  a  receiver  of  singular  power, 
which  depends  upon  a  curious  fact  discovered  by  himself, 
namely,  that  if  a  platinum  point  presses  against  a  rotating 
cylinder  of  moist  chalk,  the  friction  is  reduced  when  a 
current  ]>aeseB  between  the  two.  And  if  the  point  be 
attached  to  an  elastic  disk,  the  latter  is  thrown  iuto 
vibrations  corresponding  to  the  fluctuating  currents 
coming  from  the  speaker's  transmitting  instrument. 

512.  Microphones.  —  Hughes,  in  187S,  discovered 
that  a  ImKfe  contact  between  two  conductors,  forming  part 
of  a  circuit  in  which  a  small  battery  and  a  receiving 
telephone  are  included,  may  serve  to  transmit  sounds 
without  the  intervention  of  any  specific  tympanum  or 
diaphragm  like  those  of  R«is  and  I'Mison,  lieuauae  the 
smaliest  vibrations  will  affect  the  resistance  (Art.  400j  at 
the  point  of  loose  contact     The  Microphpn?  (i'ig.  288) 
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embodieH  this  principle.      In  the  form  shown  iu  the 

figure,  a.  small  thin  pBDcil  of  istirban  is  supported  looselj 
between  two  little  blocka  of  the  same  aubstauce  fixed  to  a 
Bouading-board  of  thiii  piue-wood,  the  blocks  being  con- 
nected with  one  or  two  small  cells  and  a  Bell  receiver. 
The  amplitude  of  the  vibratioiia  emitted  by  the  receiver 
may  be  much  greater  than  tho»e  of  the  original  sounds, 


I 


lopho 


aiid  therefore  the  inicvoplione  may  » 
indicates,  to  uiiigiiity  iniiiule  sounds,  Kuch  as  the  ticking 
of  a  Wiitch  or  the  footfalla  of  an  insect,  and  render  them 
audible.  In  modern  telephony  microphones  under  the 
name  of  carbon  trnnsmitlers  are  in  general  use.  Fig.  289ii 
depicts  the  well-known  Blake  transmitter.  The  voiee  is 
directed  through  a  shallow  wooden  nioirtli-pieee  M  upon 
a  diaphragm  (/  of  sheet  iron  held  round  its  edge  in  a 
rubber  packing.  Behind  it  are  the  contact  parts  con- 
sistiiig  of  a  pin  of  platinum  mounted  on  a  delicate  spring 
/  pressing  delicately  against  a  polished  plug  fc  of  hard 
garbon  moonted  upon  a  sUSei  spring  g.     The  ourrent 
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utact  po    t  by  o  e  spr  ng  a,    1  goes  awjy 
A  cr  joked  back  lever  6  v  tl    tii   adj  1st     g 
tla  n  the  j  r  jier 
■       1     It  ■■at. 


i 


lo 


I.    act  ujK) 


h 


1  t    1     cul  a     oa: 

I        I        tl  at  tl  e    o  ce 

I         I  s   v1  Ic  the  c 

tl       1,1    'hi^  "  >^» 

1  t    (I     nil  the  loose  cuntacts  at 

I   le   tit      umer     s   patl  b   for 

tl  e  cu  re   t  pe  u   t  a  la  ger  (ur  e   t  t 

be  used  tha     is  possible  with  si  j,!" 

c     tacts      1     the  forn    shonn  in  tie 

I  lacei  n  a  X    d  of  box  w  th  a  tl 

carbo     on     1  ol     1  e  granules  reit 

and  nl  ch  IS  capable  ot  ■\  ' 

lug  V.  th  the  vo  ce      A  p 

metal  or  carbon  [  ressee  1  ghtlj 

on   tha    gra  ules   f  om    above 

a  d    BO  vea   as   tl  e   other   eleo 

t    de      Much  Rtro  g  r  c   rrents 

oa      be      lel  w  th   s  ch   t  a  s- 

n  tters  fha    w  tl    those  ha    ng 

single  contacts 

613     Telephone  Citcaits  —  The  c    c     ts    eq  ired  f 

HH  ng  tl  a   tra  sm  tter  a  d    rece  ver   togetl  er  with    tl  e 

call  bell  and  the  auton  at  c  s  v  tch  for  throw    g  the  bat 

tery  out  of  c  re    t  when      t        ■w  nra  si  ow        d  agra 

n  F  g     aq       Tl  P  nBtr      p  ta  I  en-  are  a  Blake  a  tra 

iiiittflr  T  and  a  Bell's  receiver  R.    A  single  cell  B,  serves 

as  battery  for  the  transmitter,  the  additional  battery  H^ 

being  needed  for  riiiging-up.     [Freciueutly  a  small  hand- 
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dynamo  or  "  magneto-riDger  "  is  naed  instead  for  oallirg 
up.]  P  IB  the  push  which  l)y  connecting  the  line  to  the 
battery  rings  the  beil  at  the  other  end  of  the  line.  The 
automitic  switch  m  worked  by  the  weight  of  the  receiver, 
which,  wlieii  not  iti  use,  is  liung  upon  a  liook  at  the  end 
of  the  switclk  lever.  Iii  this  position  the  line  ia  discon- 
nected from  the  telephonic  instruments,  but  ia  in  circuit 
with  the  beU.    On  takiug  down  the  receiver  from  its  hook 


Fig,  iSOe. 

the  flwitch-lever  falls  and  puts  the  iine  into  eireuit  with 
the  receiver  and  with  the  secondary  wire  of  a  smnll  in- 
duction oil  the  primary  of  wliich  ia  in  the  transmitter 
circuit.  Tlie  object  of  thia  induction  coil  ia  to  enable 
a  §ingle  cull  of  battery  to  be  used  an  the  traiisniitter, 
tlie  induction  coil  Mting  as  a  triinnforuier  to  give  to  the 
currents  the  higher  voltage  required  by  the  iiigh  resiat^ 
ance  of  tli«  Vtw.  For  a  private  line  a  similar  arrange- 
ment of  iiiNtrunieiitfl  is  used  at  eneh  end  of  the  line. 

For  enabling  a  large  number  of  subscribers  to  com- 
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niuiiicate  by  telephone  with  one  another,  the  lines  from 
each  BubBcriber's  iiiBtninient  are  brought  to  a  central 
office  known  as  a  telepkont  exchange.  Here  eaclt  line 
tenniiiiitea  uii  a  sinilch-lioard  whiuh  ih  no  arranged  that 
tlie  opeL-itt«r  can  iu  uu  instant  make  a  connesion  fi'om 
the  line  of  any  one  subscriber  to  that  of  any  other,  so 
that  these  two  can  talk  together.  But  it  is  impossible 
ill  a  few  words  to  give  a  technical  description  of  the 
complicated  details  of  a  telephone  switch-board.  In  the 
hest  arranged  telephone  exchanges  the  earth  is  not  used 
as  a  return  conductor,  twin  wives  going  to  each  sub- 
scriber. Only  hy  tlie  use  of  such  metallic  eircnitfi  can 
interference  from  stray  currents  and  cross  talk  be  pre- 
vented. 

614.  Hughes's  Induction  BslBnce.  —  Tlie  extreme 
senaitiveueas  of  Bell's  receiver  (Art.  'ilO)  to  the  feeblest 
currents  has  suggested  its  employnii^ut  to  delect  cuneuta 


Fig.  2811, 


too  weak  to  affect  the  most  delicate  galvanometer.  The 
currents  must,  however,  be  intermittent,  or  they  will  not 
keep  the  disk  of  the  telephone  iu  vibration.  Hughes 
applied  this  property  of  the  telephone  to  an  instrument 
named  the  Induction  Balance  (Fig.  3SD).  A  sniiill  bat> 
tery  B,  connected  with  a  microplione  M,  passes  through 
two  coils  of  wire  P,,  Pp  wound  on  bobbins  fixed  ou  a 
suitable  stand.     Above  each  of  these  primary  coils  are 
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placed  two  secoudary  coils,  S,,  Sj,  of  wii'e,  of  the  same 
size,  and  of  exactly  equal  numbera  of  turns  of  wire.  The 
secondary  coils  are  joined  to  a  receiver  T,  and  are  wound 
in  opposite  directions.  The  result  of  this  arrangement  is 
that  whenever  a  current  either  begins  or  stops  flowing  in 
the  primary  coils,  Pj  induces  a  current  in  8[.  and  P,  in 
Sj.  Aa  S,  and  Sj  are  wound  in  opposite  ways,  the  two 
eurrenta  thus  induced  in  the  secondary  wire  neutralize 
one  another,  and,  if  they  are  of  equal  atrength,  baUnce 
one  another  so  exactly  that  no  aound  is  heard  in  the  tele- 
phone. But  a  perfect  balance  cannot  be  obtained  unless 
the  resiatances  and  the  coefficients  of  mutual  induction 
and  of  seLf-inductton  are  alike.  If  a  flat  piece  of  silver  or 
copper  (anch  as  a  coin)  he  introduced  between  Sj  and  Pj, 
tliere  will  be  lesa  induction  in  S^  than  in  S^  for  part  at 
the  inductive  action  in  P,  is  now  spent  on  setting  up 
currents  in  the  mass  of  the  metal  (Art.  450),  and  a  sound 
will  again  be  heard  in  the  telephone.  But  balance  can 
be  restored  by  moving  S,  farther  away  from  Pj,  until  the 
induction  in  S,  is  reduced  to  equati^  with  S,,  when  the 
sounds  in  the  telephone  again  cease.  It  is  possible  by 
this  means  to  teat  the  relative  conductivity  of  diiferent 
metals  which  are  introduced  into  the  coils.  It  is  even 
possible  to  detect  a  counterfeit  coin  by  the  indication 
thus  afforded  of  its  conductivity.  The  mduction  balance 
has  also  been  applied  in  surgery  by  Graham  Bell  to 
detect  the  presence  of  a  bullet  in  a  wound,  for  a  lump  of 
metal  may  disturb  the  induction  when  some  inches 
distant  from  the  coils. 
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LEaaON  LIV.— OsfiV/ad'orw  and   Waves 

615.  Electric  Oscillationa.  —  IE  n  cliurged  condenser 
or  I.Byfkii  jar  is  disuliargeil  slowly  through  a  conductor 
of  high  reaiHtauce,  aucU  lut  il  nearly  di'y  liiieti  tlireail, 
the  ohnrge  simply  d'ms  away  by  a,  discharge  which 
inoreMes  iti  atrengtii  nt  first,  &iid  then  gradually  dies 
away.  If,  however,  the  condenser  is  diaohnrged  through 
a  coil  of  wire  of  one  or  more  turns  (the  spark  tieiiig  takeD 
between  polished  knobs  to  prevent  premature  partial  dis- 
charges by  winds  or  brushes)  the  eflect  is  wholly  different, 
for  tjien  the  discharge  coiiaista  of  a  number  of  escessively 
rapid  oscillations  or  surgings.  This  is  in  consequence  of 
the  self-induction  of  the  circuit,  by  reason  of  which  (Art. 
458)  the  current  once  set  up  tends  to  go  on.  The  first 
rash  more  than  empties  tlie 
GoiidenseT,  and  chargea  it  the 
opposite  way;  then  follows  a 
e  discharge,  which  also 
overdoes  the  discharge,  and 
charges  the  condenser  the 
same  way  as  at  first,  and  so 
forth.  Each  auccosaive  oacil- 
tiition  is  feel>k>r  than  the  preceding,  so  that  after  a  numhcr 
oi  oscillations  the  discharge  dies  away  as  iu  Fig.  290.    The 


apurk  of  a,  jar  ho  discharged  really  consiata  of  a  number 
of  successive  sparks  in  reverse  direetiona.  One  proof  of 
this,  as  pointed  out  by  Heiiiy  in  1842  from  the  experi- 
ments of  Savery ,  is  that  if  jar  discharges  through  a  coil 
are  used  to  magnetiKs  steel  needles,  the  direction  of  the 
magnetization  is  anomalous,  being  sometimes  one  way, 
sometimes  the  other. 

That  a  discharge  ought  under  certain  conditions  to 
become  oscillatory  was  noted  by  Von  Helmholtz.  Lord 
Kelvin  in  1855  predicted  these  conditions.  If  the  capacity 
of  the  condenser  is  K  (farads),  the  resistance  of  the  cir- 
cuit R  (ohms),  and  its  inductance  L  (henries),  there  will 
be  oscillations  il 

R<v'4L/K; 
and  there  will  be  no  oscillations  if 

R>V4L/K. 
In  tlie  former  case  the  frequency  n  of  the  oscillations  will 


O'OUOUl  hear;,  and 

If  R  is  small  n  is  nearly  equal  to  1  -^  2jrVKh. 
The  oscillations  cau  be  made  slower  by  increasing  eitlier 
K  or  L.  The  oscillations  of  an  ordinary  Leyden  jar  dis- 
cbarge may  last  only  from  a  ten-thousandth  to  a  ten- 
millionth  of  a  second.  By  using  coils  of  well-ins iilated 
wire  and  large  condensers,  Lodge  has  succeeded  in  slowing 
down  the  oscillations  to  400  a  second;  the  spark  then 
emitting  a  musical  note.  Iron  is  found  to  retain  its 
magnetic  properties  even  for  oscillations  of  the  frequency 
of  one  million  per  second. 

Fedderseit  subsequently  examined  the  spark  of  a 
Leyden  jar  by  means  of  a  rotating  mirror,  and  found  that 
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instead  of  being  a  single  instantaneous  dischiu-ge,  it 
extibited  definite  flnetuationa.*  With  verj-  amaJl  resiMt- 
ances  in  the  circuit,  there  was  a  true  oscillation  of  the 
electricity  backward  and  forward  for  a  brief  time.  The 
period  of  the  oscillations  was  fonnd  to  be  proportional  to 
the  square  root  of  the  capacity  of  the  condenser.  With 
a  certain  liiglier  resistance  the  discharge  became  contina- 
01IB  but  not  instantaneous.  With  a  still  higher  resistance 
the  discharge  consist«d  of  a  series  of  partial  intermittent 
discharges,  following  one  another  in  the'same  direction. 
Such  sparba  when  viewed  in  the  rotating  miiror  showed 
a  series  of  separate  images  at  nearly  equal  distances  apart. 

616.  Electric  Wavoa.  —  Though  the  increasing  and 
dying  away  of  cun'enta,  for  example  iu  cables,  is  some- 
times loosely  described  as  of  "  waves "  of  current,  these 
phenomena  are  very  different  from  those  of  true  electric 
or  electromagnetic  loavea  propagated  across  space.  In  the 
case  of  true  electric  waves,  portions  of  the  energy  of  the 
current  or  discharge  are  thrown  off  from  the  conductor 
and  do  not  return  back  to  it,  but  go  travelling  on  in 
space.  If  a  current  increases  in  strength  the  magnetic 
field  around  it  also  increases,  the  magnetic  lines  enlarging 
from  the  conductor  outward,  like  the  ripples  on  a  pond. 
But  as  the  current  is  decreased  the  magnetic  lines  ail 
return  back  and  close  up  upon  the  conductor ;  the  energy 
of  the  magnetic  field  returns  back  into  the  system.  But 
if  for  currents  slowly  waxing  and  waning  we  substitute 
electric  oscillations  of  excessive  rapidity,  part  of  their 
energy  radiates  off  into  the  siirrounding  mediiun  as 
tlectromagnetic  tnaven,  and  only  part  returns  hack.  Aa 
will  be  presently  set  forth,  these  waves  possess  all  the 
optical  properties  of  lightr-waves,  and  can  be  reflected, 
refracted,  polarized,  etc. 

It  is  a  fundamental  part  of  the  modem  views  of  electric 
action  that  while  an  electric  displacement  (Art.  57J  is 


■tna,  ond  oUierB,  nolnbly  by  Harti ;  i 


iidined  niso  b;  ScU 


being  produced  in  a  dielectric,  the  effect  in  Bnrrounding 
apace  is  the  same  as  if  there  had  been  a  conductive  instead 
of  ail  inductive  transfer  of  electricity.  Maicwell  gave  the 
name  of  displacement-cuirent  to  tlie  rabi  of  change  of 
the  difiplacement.  Experiment  proves  that  displace- 
iiient<:urrents,  while  they  last,  set  np  magnetic  fields 
around  them ;  just  aa  convexi com; ur rents  (Art.  3y7)  and 
conduction-currenta  do. 

517.  Resonance.  —  The  circumstance  that  when 
certain  definite  relations  exist  between  the  capacity  and 
inductance  of  a  circuit  and  the  frequency  of  the  periodic 
currents,  the  choking  reactions  of  these  properties  neu- 
tralize one  another,  has  been  already  alluded  to  in  Art. 
473.  And  we  have  seen  (Art.  515)  that  a  circuit  with  a 
certain  self-induction,  capacity,  and  resistance  tends  to 
oscillate  electrically  at  a,  certain  freijuency.  If  it  be 
placed  ill  a  medium  through  which  electric  waves  of  that 
frequency  are  passing  in  sach  a  position  that  the  electric 
and  electromagnetic  fields  of  the  successive  waveu  can 
induce  currents  in  it,  each  wave  will  give  a  slight  im- 
pulse to  the  readily-excited  oscillations,  which  will  grow 
in  intensity,  just  as  small  impulses  giveu  to  a  pendulum 
at  the  right  times  wiil  make  it  swing  violently. 

The  following  experiment  of  Oliver  Lodge  beautifully 


illustrates  this  phi 
time  the  production  of  waves 
by  au  oscillatory  discharge. 
Two  Leyden  jars.  Fig,  291, 
are  placed  a  little  way  apart 
from  one  another.  One  of 
them,  charged  from  an  in- 
fluence machine  not  shown, 
is  provided  with  a  bent  wire 
a  discharging 
circuit,  with  a  spark-gap  S 


and  at  tl 
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can  be  adjusted  by  sliding  in  or  out  &  oroBS-piece  W 
hooked  upon  the  other  portions.  A  strip  of  tinfoil  ia 
brought  up  from  the  inner  coating  over  the  lip  of  this 
jar,  but  does  not  (luite  touch  the  outer  coating.  Lf  the 
two  circuits  are  properly  tuned  together,  whenever  a 
spark  passes  in  the  gap  at  the  top  of  A,  gurginga  will 
be  set  up  in  the  circuit  of  B  which  will  cause  the  jar  to 
overflow,  pi'oducing  a  spark  at  the  end  of  the  strip. 


Les 


r  LV.~The  Eleeiromaanelic  Theory  of  Light 


618.  Maxwell's  Theory.— In  1867  Clerk  Maxwell 
put  forward  the  theory  that  the  waves  of  light  are  not 
mere  mechanical  motions  of  the  ether,  but  that  they  are 
electrical  undulations.  These  undulations  are  partly 
electrical  and  partly  magnetic,  oscillating  electrical  dis- 
placements being  accompanied  by  osciUating  magnetic 
fields  at  right  angles  to  them,  whUst  the  direction  of 
propagation  of  the  wave  is  at  right  angles  to  both. 
According  t-o  this  theory  the  phenomena  of  electro- 
magnetism  and  the  phenomena  of  light  are  aU  due  to 
certain  modes  of  motion  in  the  ether,  electric  currents 
and  magnets  being  due  to  streams  and  whirls  or  other 
bodily  movements  in  the  subatanoe  of  the  ether,  while 
light  is  due  to  vibrations  to  and  fro  in  it. 

An  electric  displacement  in  its  growth  or  decay  pro- 
duces a  magnetic  force  at  right  angles  to  itself;  it  also 
produces  (hy  the  peculiar  action  known  as  induction, 
an  electric  force  which  is  propagated  at  right  angles 
both  to  the  electric  displacement  and  to  the  magnetic 
force.  Now  it  is  known  that  in  the  propagation  of 
light  the  actual  displacements  or  vibrations  which  con- 
stitute the  so-called  ray  of  light  are  executed  in  directions 
at  right  angles  to  the  direction  of  propagation.  This 
analogy  is  an  important  point  in  the  theory,  and  imme- 
diately suggests  the  question  whether  the  respective  rates 
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of  propagation  are  the  same.  Now  the  velocity  of  propa- 
gation of  electi'oinagiietie  induction  is  that  velocity  "v" 
which  was  shown  (Art.  350)  to  repieaent  the  ratio  between 
the  electrostatic  and  the  electromagnetic  units,  and  which 
(in  air)  has  been  found  to  be 

2-9857  X  10"  centimetres  pet  second. 
And  the  velocity  of  light  (in  air)  has  been  repeatedly 
measured    (by   Fizeau,   Cornu,  Michelson,  and   others), 
giving  as  the  approximate  value 

2'fl902  X  10"  centimetres  per  second. 
From  the  equations  for  the  propagation  of  a  disturb- 
ance in  an  electromagnetic  medium,  having  dielectric 
coefficient  t  (Art.  285)  and  permeability  n  (Art.  363),  it 
was  calculated  by  Maswell  that  the  velocity  ought  to  be 
numerically  =  1/  Vi/i.  And,  as  we  have  seen,  this  quan- 
tity enters  into  the  ratio  of  the  units  (Art.  360),  and 
can  be  calculated  from  them.  It  follows  that  if  there 
are  two  transparent  media  of  equal  permeability,  but 
different  dielectric  capacities,  the  velocities  in  them  ought 
to  vary  relatively  inversely  as  Vit.  But  the  ratio  of  the 
velocities  of  light  in  them  is  called  their  refractive  index. 
Hence  it  Maxwell'.s  theory  is  true,  the  dielectric  capacity 
of  oi'dinary  transparent  media  ought  to  be  equal  to  the 
square  of  the  refractive  index.     Experiments  by  Gordon, 
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Boltzmann,  and  others,  show  this  to  be  approximately 
true  for  wavea  of  very  great  wave-length.     The  values 
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are  shown  below.     For  gases  the  agreement  is  even 
closer. 

Another  consequence  of  the  theory  is  that  all  con- 
ductors, since  they  dissipate  the  energy  of  the  currents  set 
up  in  them,  ought  to  be  opaque  to  light.  Metallic  con- 
ductors are,  except  when  in  very  thin  films.  But  electro- 
lytic liquids  are  not  opaque,  the  mechanism  of  their  con- 
duction being  different  (Art.  490).  In  some  crystalline 
bodies  which  conduct  electricity  better  in  one  direction 
than  in  another,  the  opacity  to  light  differs  correspond- 
ingly. Coloured  crystals  of  Tourmaline  conduct  electricity 
better  across  the  long  axis  of  the  crystal  than  along  that 
axis.  Such  crystals  are  much  more  opaque  to  light  pass- 
ing along  the  axis  than  to  light  passing  across  it.  And, 
in  the  case  of  rays  traversing  the  crystal  across  the  axis, 
the  vibrations  across  the  axis  are  more  completely  ab- 
sorbed than  those  parallel  to  the  axis :  whence  it  follows 
that  the  transmitted  light  will  be  polarized. 

519.  Energy  Paths.  —  From  Maxwell's  equations 
Poynting  in  1883  drew  the  conclusion  that  in  all  cases 
where  energy  is  transferred  in  an  electric  system  it  flows 
parallel  to  the  surfaces  of  both  electric  and  magnetic 
equipotentials.  What  we  call  an  electric  current  along 
a  wire  is  rather  a  transfer  of  energy  by  an  invisible 
mechanism  in  the  medium  outside  the  wire.  Wherever 
in  the  wire  there  is  resistance,  wasting  energy  by  degrad- 
ing it  into  heat,  at  that  point  energy  flows  in  laterally  from 
the  medium.  According  to  this  view,  the  service  of  the 
wire  is  merely  to  guide  the  energy  flow  going  on  outside 
it.*  We  know  that  when  a  current  is  started  much 
energy  is  spent  in  building  up  around  the  conductor  a 
magnetic  field,  the  amount  spent  being  J  LC^  (Art.  458). 
When  the  circuit  is  "broken"  this  energy  flows  on  lat- 
erally into  the  wire,  giving  rise  to  the  so-called  extra- 
current  sparks.  According  to  Poynting's  view,  which 
has  been  independently  elaborated  by  Heaviside,  all  the 

♦  See  particularly  Oliver  Lodge's  Modern  Views  of  Electricity. 
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energy  flows  in  similarly.  In  the  case  of  the  transfer  of 
energy  in  an  alternate  cuiTent  transformer  from  the  coils 
of  the  primary  circuit  to  those  of  the  secondary,  it  is  pretty 
obvious  that  the  flow  of  energy  must  take  place  laterally 
to  the  copper  vdres ;  and  it  also  takes  place  laterally  to 
the  iron  wires  of  the  core,  though  this  is  not  so  obvious. 

520.  KeBBHTcheB  of  Herti.  — In  188a  Herts;  found 
the  most  ooiivincirig  experimental  proofs  of  Maxwell's 
t]teory,aDd  succeeded  iu  producing  electromagnetic  waves 
in  a  way  which  peimitted  him  to  examine  their  propaga- 
tion through  space,  aod  to  show  that,  while  they  were 
much  larger  than  ordinary  waves  of  light,  they  poKsessed 
the  same  properties,  travelled  at  the  same  speed,  and  were 
capable  of  being  reflected,  I'efracted,  polarized,  etc. 

Of  the  power  of  oscillatory  discharges  to  propagate 
disturbtuices  in  the  surrouudiug  space  souiething  was 
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already  known.  Henry  had  shown  that  they  set  up 
other  sparks  in  distant  conducting  circuits.  It  had  lieen 
discovered"  that  a  spark-gap  in  the  exciting  circuit  was 
necessary.  Fitzgerald  liad  definitely  proposed  to  start 
waves  by  the  oscillatory  discharges  of  small  condensers. 
But  no  one  had  systematically  followed  out  the  phe- 
nomena of  propagation  of  the  waves. 

Hertz  employed  to  start  the  waves  an  apparatus  called 
an  oicitlaloT  (Fig,  292),  consisting  of  two  metallic  con- 
ductors (balls  or  plates)  united  by  a  metal  rod,  at  the 
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middle  of  which  was  interposed  a  spark-gap  between  two 
woll-polished  knoba,  And  to  detect  the  wares  at  a 
distance  lie  employed  a  resonator,  simply  a  circle  or  square 
of  wire,  having  in  it  a  apark-gap  capable  of  minute 
adjustment.  Li  oue  eiperimeiit  the  ofdllalor  consisted 
of  two  zinc  plates  A  and  B  (Fig.  292)  with  sides  40  em- 
long  mounted  60  on.  apart,  and  having  stout  copper 
wires  leading  to  a  spark-gap  between  very  brightly 
polished  brass  balls.  A  dry  wood  stand  was  a  sufficient 
insulator.  The  resoniilor  to  match  was  a  circle  35  cm. 
in  radius.  To  eiperinient  with  this  apparatus  the 
oscillator   ia   joined   to   a   small   induction   coil.     AVben 


a  spark  aiiaps,  aciosa  the  gap  it  sets  up  a  temporary  con- 
ducting path  for  the  aurgings  that  follow.  For  a  rush  of 
current  from  left  to  right  overcharges  the  right-iiaud  plate, 
and  so  there  follows  a  rush  back  from  right  to  left,  and  so 
on.  Eachsparksentbythecoit  across  the  gap  consists  of  a 
dozen  or  so  oscillations  each  lasting  less  than  1/100,000,000 
of  a  second,  the  period  being  determined  (Art.  515)  by  the 
capacity  and  inductance  of  the  apparatus ;  the  discharges 
surging  backward  and  forward  from  A  to  B  until  they 
die  out  (Fig.  290).  Let  the  line  drawn  horizontally  in 
Fig.  294  be  termed  the  hone  line,  and  let  the  liiie  AB  be 
termed  the  line  of  oscillation.  Then  it  the  resonator  is 
placed  with  its  centre  on  the  baae  line  at  a  few  feet  away 
from  the  oscOlator  and  is  turned  uito  various  positions. 
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various  effects  are  obaerved.  If  the  resonator  is  set 
edge-on  vertically,  no  sparks  are  observed  in  it  whatever 
the  situation  of  the  gap  in  the  circle.  t£  it  is  laid  edge- 
on  horizontally  sparks  pass  between  the  balls  of  the 
resonator.  These  are  brightest  when  the  gap-space  is 
nearest  toward  the  oscillator,  so  that  the  induced  spark 
is  parallel  to  the  primary  spark.  If  the  resonator  be 
uow  turned  broadside  on  to  the  oscillator  it  will  he  found 
that  there  are  sparks  when  the  gap  is  at  the  top  or 
bottom  of  the  circle  — so  that  the  sparks  are  parallel  to 
the  primary  spark ;  but  there  are  noi}e  if  the  gap  is  at 
the  side.  The  primary  spark  does  not  here  induce  sparks 
at  right  angles  to  itaelf. 

The  reflexion  of  electric  waves  was  obseiTed  in  various 
ways.  If  right  opposite  the  oscillator,  Fig.  2H2,  is  set  a 
large  metal  sheet  as  a  reflector,  to  send  back  the  waves 
that  pass  along  the  base  line,  stationary  nodes  will  be 
produced  at  regular  intervals.  If  the  resonator  is  put 
broadside  on,  with  its  gap  at  the  highest  point,  and 
moved  along  the  hase  line  till  it  lies  fiat  against  the 
reflector,  there  will  in  this  position  be  no  sparks;  hut  if 
it  is  slowly  moved  back  from  the  sheet  sparks  will  show, 
will  come  to  a  maximum,  then  die  out  as  the  first  node 
is  reached  at  about  180  cm.  from  the  reflector.  Passing 
this  node  the  sparks  will  begin  again,  nodes  occnriing  at 
equal  intervals  apart  along  the  base  line.  By  using 
large  parabolic  miiTors  Ilertr  showed  that  these  electric 
waves  can  be  reflected  and  brought  to  a  focus  exactly  us 
light  waves  can  he.  Hertz  also  showed  refraction  with  a 
prism  of  pitch ;  and  polarization  by  nieaus  of  gratings  of 
parallel  wires. 

Later  Tesla  showed  that  the  Hertzian  eSects  could  be 
much  augmented  by  increasing  the  suddenness  of  the 
apark  by  using  a  magnetic  field  to  blow  it  out.  Elihu 
Thomson  uses  an  air-blast  across  the  spark-gap  for  the 
same  purpose. 

521.   Detectors  of  Electric  Waves.  —  The  Hertz  spark- 
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gup  resonator  is  only  one  means  of  detecting  electric 
waves.  A  prepared  frog's  leg  (Art.  255)  may  be  used 
instead  of  u,  spark'gap.  A  sensitive  vacuum  tube,  espe- 
eiuUy  if  [irinied  by  application  with  a  battery  of  sanje 
hundreds  of  Binall  cella  not  quite  able  of  themselves  to 
start  a  spaik,  forms  a  good  explorer.  Electroiiietere ; 
thin  wires  capable  of  expanding  when  heated  by  the 
induced  cuiTents  ;  and  galvanometers  in  circuit  witli  the 
gap,  are  amongstthe  possible  means.  Beat  of  all  is  Lodge'g 
device  of  a  tube  partly  filled  with  coarse  iron  fi]iiij>^,  in- 
sei'ted  in  circuit  with  a  galranomelier  and  a,  single  cell. 
The  resistance  of  the  filings  is  very  great,  and  little 
current  flows,  until  an  electric  wave  impinges  upon  the 
tube,  when  at  once  the  filings  conduct  (compare  Art.  400 
on  conductance  of  powders).  On  lightly  ta|>puig  the 
tube  the  filings  fall  back  into  their  former  state.  Using 
such  a  detector,  and  an  oscillator  consisting  of  a  highly 
polished  brass  ball  between  two  smaller  balls,  Lodge  has 
shown  how  these  electric  waves  can  pass  hundreds  of  feet 
through  walls  and  floors  of  houses.  Care  must  be  taken  to 
screen  off  with  metallic  sci'eena  the  effects  of  stray  sparks. 
692.  Properties  of  Electric  Waves.  — The  universal 
equation  connecting  frequency  n,  wave-length  A,  and 
velocity  of  propagation  i'  is ;  u  =  nk.  Taking  v  (iu 
air)  as  3xl0">  (cms.  per  sec.)  as  the  velocity  of  light, 
and  the  measured  length  of  the  red  waves  (the  longest 
visible)  as  0-000076,  it  follows  that  the  frequency  of 
OEoillatton  of  these  must  be  no  less  than  3!>5  x  10". 
The  waves  artificially  produced  by  electric  oscillations 
are  of  much  lower  frequency  tban  these,  and  their  wave- 
length proportionally  longer.  Their  wave-length  depends 
on  the  size  of  the  apparatus  used  as  oscillator,  just  as 
the  note  emitted  by  an  iron  cylinder  when  struck  on 
its  end  depends  on  the  length  ot  the  cylinder.  The  wave- 
length of  waves  emitted  from  an  oscillator  eonsistiiig 
of  a  wire  with  a  small  capacity  at  each  end  is  twice 
the  length  of  the  wire.      That  of  waves  emitted   from 
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wives  by  OBcillntiona  of  such  enormous  frequency  are  oiiiy 
Hkiri-currents  (Art.  476),  the  inner  ^lart  of  tlie  wire  being 
idle.  Hence  for  such  cuiTents  the  impeding  I'esistance 
A  atout  copper  wire  may  be 
■  millions  of  ohms.  One  eTidencQ 
of  tliiais  afforded  by  the  tendency 
to  lateral  discharge.  This  ia 
readily  shown  by  connecting 
between  the  Leydeu  jars  of  an 
iience  macliine  a  loop  of  stout 
copper  wire  bent  as  in  t'ig.  20C. 
When  a  dischai^e  takus  place 
between  the  knobs,  there  will  be 
oscillatory  cuiTent  set  up 
between  the  outer  coatings  also ;  and  this  oscillatory 
cun'ent  rather  than  ilow  along  the  meta!  loop  will  jnoip 
as  a  spark  across  the  parts  that  lie  nearest  together.  The 
tAiideiicy  of  lightniog  to  produce  lateral  discharges  is 
I  relied  upon  by  Ohver  Lodge  in  his  conteiitiou  as  to  tlie 
Loacillatory  character  of  the  flash. 

523.   Travelling   of  Waves    along    Wires.  —  If   an 
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oscillatory  spark  is  seat  into  one  end  of  a  long  w 
the  time  that  the  second  pulsation  reaches  its  n 
the  first  will  have  travelled  a  certain  distance  which  maj 
be  oaOed  the  wave-length  of  the  disturbance.  According 
to  Maxwell's  theory  the  velocity  of  propagation  will  be 
equal  to  that  of  light,  the  energy  really  travelling  through 
the  air,  and  settling  down  laterally  into  the 
wire.  It  appears  from  experiment  that  the 
velocity   of   a   wave    guided    by    a    wire   is 

C  the  same  as   that  of   a  wave   travelling   in 

free  air.  That  the  speed  of  travellijig  is 
independent  of  the  thickness  or  materials  of 
tlie  wire  was  proyed  in  1870  by  Von  Bezold 
using  the  device  of  Fig.  297.  Let  an 
tiscillatory  discharge  be  sent  by  a  wire  at  G 
[J  into  a  rectangular  circuit  ABCD,  liaving  a 
Bjiark-gap  PQ  midway  between  B  and  D. 
It  is  evident  that  if  U  ie  midway  between 
A  find  C  the  impulses  will  arrive  simultaneously  at  P 
and  Q  if  both  sides  of  the  systoni  are  alike ;  and  there 
will  be  no  spark.  If  now  one  side,  say  CD,  be  made  of 
iron  and  the  other,  AB,  of  copper,  it  will  be  found  that 
still  the  discharge  must  l>e  led  iii  at  G,  exactly  midway 
if  there  is  to  be  no  spark. 
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524.  Electro-optical  Phenomena.  —  Of  late  years 
several  important  relations  liave  been  observed  between 
electricity  and  light.  These  obeervatioos  may  be  classi- 
fied under  the  following  heads:  — 

(i.)  Production  of  double  refraction  by   dielectric 

stress, 
(ji.)  Rotation  of  plane  of  polarization  of  a  wave  of 
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light  on  traversing  a  trtinaparent  [nedium  placed 

in  a  magnetic  field,  or  by  reflexiou  at  tlie  aurface 

of  a  magnet, 
(iii.)  Chauge    of    electric    resistance,    exhibited    by 

Bcleniuia  and  other  bodies  during  exposure  to 

light. 
(iv.)  Photo-chemical  excitation  of  electromotive  forces. 
(v.)  Relation  between  refractive  indei  and  dielectric 

capacity  of  transparent  bodies. 
(vi.)  Electric  efEeot  of  ultrarviolet  light. 

It  was  announced  by  Mrs.  Somsrville,  by  Znnteileschi,  nnd 
others,  that  Btoel  neadlea  could  be  magnetized  by  exi>oaing 
potiiona  ot  tliera  to  the  acWon  of  violet  and  nltta-yiolet  rays  of 
'Bght;  the  obaervatioua  were,  liowever,  ernjueoua. 

Bidwell  has  found  that  light  falling  npon  a  recently  de- 
magneClzed  pliice  of  iron  produces  an  instantaQeoos  revival  of 
magnetiain. 

525,  Electrostatic  Optical  Stress.  —  In  IHTo  Dr.  Ken' 
.  of  Glasgow  discovered  that  glass  when  subjected  to  a 
.severe  electrostatic  stress  undergoes  an  actual  strain, 
■which  can  be  observed  by  the  aid  of  a  beam  of  polarized 
■  Ught.  In  the  original  experiment  two  wires  were  fixed 
■into  holea  drilled  in  a  slab  of  glass,  but  not  quite  meeting, 
Bo  that  when  these  were  placed  in  connexion  with  the 
terminals  of  an  induction  coi!  or  of  an  influence  machine 
£he  accumulating  charges  on  the  wires  subjected  the 
intervening  dielectric  to  an  electrostatic  tension  along 
the  electric  lines  of  force.  The  slab  when  placed  between 
two  Nicol  prisma  as  polarizer  and  analyzer"  exhibited 
double  refraction,  as  if  it  had  been  subjected  to  a  pull 
[  tuid  had  expanded  along  the  direction  of  the  electric 
l^rce.  Bisulphide  of  carbon  and  other  insulating  liquids 
I  «xLibit  similar  phenomena,  but  fatty  oils  of  animal  and 

A  r>>-  Df  light  1h  uld  tn  bo  pataritrd  If  the  vibntinns  take  pliiai  In 
.lioe,    Ordiciry  llgbt  on  tie  reduci^  tu  CMa  candltlgn  by  jiaeslDg  It 
Ettarongli  itiult*ble  polariilng  tppBi-atUB  (sai^b  na  iNliu]  prlam,  «thlu  iUub 
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vegetable  origm  exhibit  an  actioQ  in  the  negative  direc- 
tion, OB  if  thsy  had  contracted  along  the  electric  lines. 
It  is  found  that  the  differeoce  of  retardation  Ijctween 
the  ordinary  and  extraordinary  waves  per  iiiiit  thickoesa 
of  the  dielectric  is  proportional  to  Ibe  square  of  the  resull- 
aid  eleelric  force.  The  axis  of  double  refraction  ia 
along  the  line  of  the  electric  force.  Qiiiucke  has  poiiiteil 
out  that  these  phenomena  can  he  explained  by  the  exist- 
ence of  elBctro.itatic  (.■spanBioiis  and  oontractious  stated 
iu  Art.  :tOO. 

526.  Hagneto-optic  Rotation  of  the  Pl&ne  of  Polsri- 
zfttion  of  Light.  —  Li  1815  Faraday  discovered  that  a 
wave  of  light  polariKed  in  a  certain  plane  can  be  twisled 
round  by  the  action  of  a  magnet,  ho  that  the  vibrations 
are  executed  in  a  different  plane.  The  plane  in  whicli  a 
beam  ia  polarized  can  be  detected  by  obHBrving  it  through 
a  aecond  Nicol  prism  (or  tourmaline),  for  each  such 
polarizer  is  opaque  to  waves  polarised  in  a  plane  at  right 
angles  to  that  plane  iu  which  it  would  itaelf  polarize 
light.  Faraday  caused  a  polarized  beam  to  pass  through 
a  piece  of  a  certain  "  heavy  glass  "  (consisting  chiefly  of 
borate  of  lead),  lying  in  a  powerful  magnetic  field,  be- 
tween the  poles  of  a  large  electromagnet,  through  the 
coils  of  which  a  current  could  he  sent.  Tn  the  path  of 
the  emerging  beam  was  placed  as  analyzer  a  second  Nicol 
prism  which  had  been  turned  round  until  all  the  light 
was  extinguished.  In  this  position  its  own  plane  of  sym- 
metry was  at  right  angles  to  the  plane  of  polarization  of 
the  beam.  On  completing  the  circuit,  light  was  at  once 
seen  through  the  analyzing  Nicol  prism,  proviiig  that  the 
waves  had  been  Iwisted  round  into  a  new  position,  in 
which  the  plane  of  polarization  was  no  longer  at  right 
angles  to  the  plane  of  nynirnetry  of  the  analyzer.  But  if 
the  analyzing  Nicol  prism  was  itself  turned  round,  a  new 
position  could  be  found  (at  right  angles  to  the  ])lane  of 
polarization  of  the  waves)  at  which  the  light  wna  once 
more  extinguished.     The  direction  of  the  magneto-optic  rola- 
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lion  of  the  plane  of  pniarization  in  the  lame  (for  diamagnetie 
media)  at  that  in  which  the  eut-renl  Jloiei  which  produces  the 
magtietiam.  Verdet  discovered  the  important  law  that, 
with  a  g^ven  material,  the  amount  of  rotation  is  propor- 
lioiuU  to  the  strength  of  the  magnetic  force  H.  In  case  the 
wavea  do  not  pass  straight  along  the  direction  of  the 
field,  the  amount  of  rotation  is  proportional  to  the  cosine 
of  the  angle  fi  hfluven  the  direction  of  the  beam  and  the  tines 
of  firee.  It  is  also  proportional  to  the  length  I  of  the 
materinl  ihroagh  which  the  waeen  paxa.  These  laws  are 
,   combined  in  the  equation  for  the  rotation  6 : 

fl  =  to  ■  H  ■  COB  ^  ■  i, 

where  u  is  a  coefficient  which  represents  the  speuific 
magnetic  rotatory  power  of  the  given  substance,  and  is 
known  as  Venlet'a  constant.  Now,  H-cos^'i  is  the 
diiference  of  magnetic  potential  between  the  point  A 
where  the  wave  enters  aud  B  where  it  leaves  the  medium. 


Vh  -  Vi' 

The  value  of  Verdet's  constant  for  yellow  sodium 
light,  at  18°  C,  has  been  carefully  determined.  Tte  value 
(in  radians  per  unit  fall  of  magnetic  potential)  is,  in 
bisulphide  of  carbon  1-222  x  10-^;  iu  water  0-375  x  10-'[ 
in  heavy  glass  2-133  x  10~'.  For  diamagnetie  substances 
the  coefficient  is  usually  positive ;  but  in  the  case  of 
many  mi^netic  Siibstances,  such  as  solutions  of  ferric 
chloride,  has  a  negative  value  (I'.e.  in  these  substances  the 
rotation  is  in  the  opposite  dii-ection  to  that  in  which  the 
magnetixingcurrent  flows).  The  phenomenon  discovered 
by  Hall  (Art.  397)  appears  to  he  intimately  related  to 
the  phenomenon  of  magnetoHsptic  rotation.  For  light 
of  different  colours  the  rotation  is  not  equal,  but  varies 
Tery  nearly  inversely  as  the  square  of  the  wave-length. 

Uases  also  rotate  the  plane  of  polarization  of  light  in 
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a  magnetic  field  with  varying  ainounta ;  coal-gas  and 
carbonic  acid  being  more  pxiwerful  than  air  or  hydrogen ; 
oxygen  and  ozone  being  negative.  The  rotation  ia  in  all 
cases  very  slight,  and  varies  for  any  gas  in  proportion  to 
the  quantity  ot  gas  traversed.  H.  B«oquerel  has  ahowu 
that  the  plane  of  the  natural  polarization  of  the  aky  doea 
not  coincide  with  the  plane  of  the  aun,  but  is  rotated  by 
the  influence  of  the  earth's  magnetism  through  an  angle 
which,  liowever,  only  reached  59'  of  arc  at  a.  maxiniuiii 
on  the  magnetic  meridian. 

We  have  Been  (Arts.  12ri,  .HJJ,  and  3!)fl)  vbat  evidence  tbtire 
in  tor  thltikin^  that  oukguatlsinisa  plieiioniDDon  o(  rotation,  there 
being  a  rotation  ot  sonmlhinif  around  an  axis  lying  in  the  dlrecUon 
ot  the  niafpietiitatlon.  8uah  a  theory  would  enptnin  the  rotatioa 
of  the  plane  of  polarization  ol  a  ray  passing  Chrough  a  magnetic 
field.  For  a  ray  of  plane-polarized  light  may  be  conceived  of  as 
consisting  of  a  pair  ot  (oppositely)  circularly-polarized  waves,  in 
which  the  right-handed  rotation  in  one  ray  1b  perlodicall;  counter- 
acted by  an  equal  left-handed  rotation  In  the  other  ray;  and  if 
such  a  motion  were  imparted  to  a  modiuiu  In  whioh  there  were 
superposed  a  rotation  (such  as  we  conceive  to  take  place  in  every 
magnetic  field)  about  the  same  direction,  one  of  these  circularly- 
polarized  rays  would  be  accelerated  and  the  oCher  retarded,  ao 
that,  when  they  were  again  compounded  into  a  single  plane- 
polarizeil  ray,  this  plane  would  not  coinaide  with  the  original 
plane  "f  polarization,  but  would  be  apparently  turned  round 
thiougb  an  anii;le  proportional  to  the  superposed  rotation. 

527.  Kerr's  Eflect. — Dr.  Kerr  showed  in  1877  that 
a  ray  of  polarized  light  ia  also  rotated  when  reflected 
at  the  surface  of  a  mat/net  or  electrornagnet.  When  the 
light  is  reflected  at  a  pole  the  plane  of  polarization  is 
turned  in  a  direction  contrary  to  that  in  which  the 
magnetizing  current  flows.  If  the  light  ia  reflected  at  a 
point  on  the  aide  of  the  magnet  it  is  found  that  when 
the  plane  of  polarization  ia  parallel  to  the  plane  of 
incidence  the  rotation  ia  in  the  same  dii'ectioa  as  that 
of  the  magnetizing  cnrrent;  but  that,  when  the  plane  of 
polarization  ia  perpendicular  to  the  plane  of  incidence, 
the  rotation  is  iu  the  same  duectiou  as  that  of  the 
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magnetiziug  ourreitt  only  when  the  iiicideiice  exceedB 
75°,  being  in  the  opposite  direction  at  leBser  angles  of 
incidence. 

538.  Eundt'a  Effect.  —  Kundt  found  that  the  pkne 
of  polarizatiun  of  light-waTes  is  also  rotated  if  the  light 
is  passed  through  a  film  of  iron  so  thin  as  to  be  trans- 
parent, if  placed  transversely  in  a  magimtic  field. 

529.  Photo-electric  Properties  of  Selenium.  —  In 
1373  Willougbhy  Smith  announced  the  disoovery  (by 
J,  E.  Mayhow),  that  the  element  sdenivm  possesses  the 
abnormal  property  of  changing  its  electric  resistance 
mider  the  in&uence  of  light.  Ordinary  fused  or  vitreoos 
seieiiiuni  is  a  very  bad  conductor ;  its  resistuuce  being 
nearly  forty'thousand-milliou  (3  ■  8  x  10")  times  as  great 
as  that  of  copper.  Wteu  carefully  annealed  (by  keeping 
for  some  hours  at  a  temperature  of  about  220°  C.,  just 
below  its  fusing  point,  and  subsequent  slow  cooling)  it 
aasumes  a  crystalline  condition,  in  which  its  electric 
resistance  is  considerably  reduced.  In  the  latter  condi- 
tion, especially,  it  ia  sensitive  to  light.  Adanis  found 
that  gi'eenisb-yellow  rays  were  the  most  effective.  Ha 
also  showed  that  the  change  of  electric  reninlance  varies 
direclly  as  the  s/juare  root  of  the  iltumination,  and  that  the 
resistance  is  less  with  a  high  electromotive-force  than  a 
low  one.  In  1879,  Graham  Bell  and  Sumner  Taintcr 
devised  "selenium  cells,"  in  which  annealed  selenium 
ia  formed  into  narrow  strips  between  the  edges  of  broad 
conducting  plates  of  brass,  thus  securing  both  a  reduction 
of  the  transverse  resistance  and  a  large  amount  of  surface- 
esposure  to  light.  Thus  a  cell,  whose  resistauoe  in  the 
dark  was  300  ohms,  when  exposed  to  sunlight  had  a 
resistance  of  but  150  ohms.  This  property  of  selenium 
these  hivestigators  applied  in  the  construction  of  the  Pho- 
tophone,  an  instrument  .which  transmits  sounds  to  a 
distance  by  means  of  a  beam  of  tight  reflected  to  a 
diataot  spot  from  a  thin  mirror  thrown  into  vibrations 
by   the    voice )    the    beam    falling,   consequently,   with 
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varying;  iutenaity  upon  a  receiver  of  selenium  connecied 
in  circuit  with  a  snialt  battery  aud  a  Bell  telephone 
receiver  (Art.  510)  iu  which  the  Bounds  are  reproduced 
by  tbe  variationH  of  the  current. 

Similar  properties  are  poseassed,  to  a'smaller  degree, 
by  lelturium.     Carbon  is  also  sensitive  to  light. 

630.  Photo-chemical  Cells.— About  the  middle  of 
the  present  century  Becquerel  showed  that  when  two 
pIftteH  of  ailver,  coated  with  fresldy  deposited  chloride  of 
silver,  are  placed  iu  a  cell  with  water  and  coniiecltid  with 
a  galvanometer,  a  current  is  obsL-rved  to  pass  when  light 
falls  upon  one  of  the  two  plates,  the  exposed  plat«  acting 
as  an  anode ;  and  Miiichin  hud  mure  recently  shown  the 
efficiency  of  other  photu-ctiemieal  combinations.  Some 
of  these  are  very  sensitive  to  electric  waves  of  greater 
wave-length. 

531.  Photo-electric  Loss  of  Charge.  —  In  1887  Hertz 
made  the  discoveiy  that  a  spark  start*  more  readily 
between  the  balls  of  a  discharger  wlien  illuminated  by 
light  that  is  ricli  in  violet  and  ultra-violet  rays  (magne- 
sium light,  arc  light,  or  spark  of  induction  coil)  than 
when  not  bo  illuminated.  The  effect  varies  with  dif- 
ferent metals,  with  tlieir  cleanness,  the  nature  of  the 
smrounding  giis,  with  the  kind  of  charge,  and  with  the 
polarization  of  the  light.  In  ultra-violet  light  freshly 
polished  zinc  in  air  rapidly  discharges  a  negative  charge, 
but  not  a  positive  one.  On  the  other  hand  the  peroxides, 
in  an  atmosphere  of  hydrogen,  when  so  illuminated 
readily  discharge  positive  charges.  The  effect  is  stronger 
when  the  plane  of  the  vibration  of  the  incident  waves  is 
at  right  angles  to  the  surface  than  when  the  polarization 
is  in  a  parallel  plane.  The  phenomenon  appears  to  lie 
due  to  the  small  lightwaves  stimulating  chemical  re- 
actions which  do  not  occur  except  (Art.  322)  by  a  species 
of  electric  exchange.  In  a  strong  magnetic  field  no  such 
discharges  occur.  Ilallwachs  charged  clean  zinc  plates 
positively  by  exposure  to  ultra-violet  light. 
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APPENDIX   B 

[Abstract  of  Bulletin  of  U.  S.  Coast  and  Geodetic 
Survey,  dated  December  27,  1893] 

UNITS  OF  ELECTRICAL  MEASURE 

During  the  past  few  ^ears  the  advance  of  knowledge  and 
experience  among  electricians  was  such  as  to  indicate  that  the 
time  was  ripe  for  the  general  adoption  of  the  principal  units  of 
electrical  measure.  An  International  Congress  of  Electricians 
was  aranged  for,  to  meet  in  Chicago,  during  the  World's  Colum- 
bian Exposition  of  1893.  In  this  Congress  the  business  of  defin> 
ing  and  naming  units  of  measure  was  left  to  what  was  known 
as  the  "  Chamber  of  Delegates,"  a  body  composed  of  those  only 
who  had  been  officially  commissioned  by  their  respective  gov- 
ernments to  act  as  members  of  said  Chamber.  The  Unit^ 
States,  Great  Britain,  Germany,  and  France  were  each  allowed 
five  delegates  in  the  Chamber.  Other  nations  were  represented 
by  three,  two,  and  in  some  cases  one.  The  principal  nations  of 
the  world  were  represented  by  their  leading  electricians,  and 
the  Chamber  embraced  many  of  the  most  distinguished  living 
representatives  of  physical  science. 

The  delegates  representing  the  United  States  have  reported 
to  the  Honorable  the  Secretary  of  State,  under  date  of  Novem- 
ber 6,  1893,  giving  the  names  and  definitions  of  the  units  of 
electrical  measure  as  unanimously  recommended  by  the  Cham- 
ber in  a  resolution  as  follows : 

'^Resolved,  That  the  several  governments  represented  by  the 
delegates  of  this  International  Congress  of  Electricians  be,  and 
they  are  hereby,  recommended  to  formally  adopt  as  legal  units 
of  electrical  measure  the  following:  As  a  unit  of  resistance, 
the  international  ohm,  which  is  based  upon  the  ohm  equal  to 
109  units  of  resistance  of  the  Centimetre-Gramme-Second  system 
of  electromagnetic  units,  and  is  represented  by  the  resistance 
offered  to  an  unvarying  electric  current  by  a  column  of  mercury 
at  the  temperature  of  melting  ice  14*4521  grammes  in  mass,  of 
a  constant  cross-sectional  area  and  of  the  length  of  106'3  centi- 
metres. 

582 


I 
I 


"  Ab  a  unit  of  current,  the  ialernatianal  ampere,  which  is  on&- 
tenth  of  the  unit  of  current  of  the  C.6.8.  syatem  of  electro- 
magnetic nnits,  and  which  ia  tepreaanted  anificiently  wall  for 
practioal  use  by  the  iittTarylng  curreDt  which,  when  piiaaeil 
throngh  a  solution  of  nilnite  of  Bilvur  In  water,  nnd  in  accnrd- 
ftnce  with  aceomatnyins  =pecifli'alinii5,»  (ieposita  silver  at  the 
rate  of  0-OOIllH  of  a  uriiiiiMn.-  ]"t  -M.-i-nrl, 

"  Ab  a  HoiC  of  el.'ii  mmjuii  ivi-inn-i.,  ttip,  intemntionat  voir, 
which  is  the  eleclnmjutii  i-funi'  lliiii,  ,sii';i(lil,v  applied  to  a  con- 
ductor whose  rusistaiirf;  is  miii  jiLliTji^iiiiijiiil  ohm,  will  produce 
a  current  of  one  intticnnliuiiu,!  ^iiiipure,  and  which  is  represenletl 
safficiently  well  for  practlcHl  use  by  |:S';  of  the  Blectminotive- 
furce  between  the  poles  or  electrodes  of  the  voltaic  cell  known 
as  Clark's  cell,  at  a  temperatuto  of  15°  C,  and  prepared  In  the 
manner  described  in  the  accompanying  specl  Seal  ion.  t 

"  As  a  unit  of  quantity,  the  interitntiunal  coulomb,  which  Is 
the  quantity  of  electiicity  transferred  by  a  current  of  one  in- 
ternational ampere  iti  one  second. 

"Asa  unit  of  cipacily,  the  ialernntiaiial  farail,  which  is  the 
capat:lty  of  a  condenser  chargeil  to  a  potential  of  one  intemai- 
tlonal  volt  by  one  International  coulomb  of  ulectricity. 


•  In  the  following  apeclflostlon,  tho  ti 
tmngunant  of  «pi«nitus  by  mesni  of  w! 
tluDBgli  B  wlutfoB  of  nttraia  gf  sllvar  li 
Dieunnsi  the  total  elecnrlcal  qoBotlhr  wbli 
t&o  fixuerlmfliil.  and  by  rntOnn  thia  Bine,  1 
or  if  Itm  onrrent  hu  buoD  kepi  oonttsnt.  t 


Irt  be  adoptod ; 


I  In  jinppurted  borliontolly  In  lh«  llqulil  DtAr  the  top  of  tl 
ktintiQi  wire  pufiOd  through  holes  Id  the  pinte  at  oppiwil 
vent  Iho  ditlntsgnted  «l'-—  —■■■-'-  ■■  '—--  ~  ••- 


Tapped  round  with  pn 


The  Hqnld  >1  .     . 

ooptAlnlng  About  IDparta  by  wolgbt  of  tbv  nimle  to  BQ  part«  of  water, 

pUM«.    To  prerent  theHa  elunges  hsvinB  too  gmst  in  eEf«t  na  Hie  nur- 

tba  eirctiit.    The  tntil  metalUe  reBlBlanoe  of  the  cbinll  ehould  not  be  leu 

i  A  oommittee.  conalstlnit  of  Mes>r»,  Helmhnlti,  Ayrton,  and  Oarhart, 
w»  ipptilnted  to  prepare  BneclDcadoiin  for  the  Cbirli'e  cell.    Their  report 

tlao  glien  Id  Appendix  0,  foltowbig.  wtalob  Is  that  adopted  by  the  BrltlBh 
Board  of  Trade.] 
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well  for  practical  use  by  the  energy  expended  in  one  second  by 
an  international  ampere  in  an  international  ohm. 

"As  a  unit  of  power,  the  watt^  which  is  equal  to  IC units 
of  power  in  the  C.G.S.  system,  and  which  is  represented  suflS- 
ciently  well  for  practical  work  done  at  the  rate  of  one  joule 
per  second. 

"  As  the  unit  of  induction,  the  henry ^  which  is  the  induction 
in  a. circuit  when  the  electromotive-force  induced  in  this  circuit 
is  one  international  volt,  while  the  inducing  current  varies  at 
the  rate  of  one  ampere  per  second." 


To  make  the  use  of  these  units  obligatory  in  all  parts  of  the 
country  will  re(juire  an  act  of  Congress,  but  in  the  absence  of 
that,  it  is  within  the  power  of  the  Secretary  of  the  Treasury 
to  approve  their  adoption  for  use  in  all  Departments  of  the  Grov- 
ernment.  This,  indeed,  is  precisely  the  course  long  ago  followed 
in  reference  to  the  ordinary  weights  and  measures  of  commerce 
and  trade.  Congress  has  never  enacted  a  law  fixing  the  value 
of  their  units,  but  the  Secretary  of  the  Treasury  was  authorized 
to  establish  and  construct  standards  for  use  in  the  various 
Departments  of  the  Government.  Uniformity  has  followed  on 
account  of  the  universal  adoption  of  these  standards  by  the 
several  States. 

The  Government  is  itself  a  large  consumer  of  electricity  and 
electrical  machinery,  and  for  its  own  protection  it  is  important 
that  units  of  measure  be  adopted.  With  the  approval,  there- 
fore, of  the  Honorable  the  Secretary  of  the  Treasury,  the  formal 
adoption  by  the  Office  of  Standard  Weights  and  Measures  of 
the  names  and  values  of  units  of  electrical  measure  as  given 
above,  the  same  being  in  accord  with  the  recommendations  of 
the  International  Congress  of  Electricians  of  1893,  is  hereby 
announced. 

T.  C.  MENDENHALL, 

Superintendent  U.  S.  Coast  and  Geodetic  Survey ^ 

and  of  Standard  Weights  and  Measures. 

Approved : 

J.  G.  CARLISLE, 

Secretary  of  the  Treasury. 


I 


APPENDIX  C 


Official  Specification  fob  the  Pbeparation  of  the 

CiABK  Cell 

Definition  of  the  Cell 

The  cell  consists  of  zinc  or  an  amalgam  of  zinc  with  mer- 
cury and  of  mercury  in  a  neutral  saturated  solution  of  zinc 
sulphate  and  mercurous  sulphate  in  water,  prepared  with 
mercurous  sulphate  in  excess. 

Preparation  of  the  Materials 

1.  The  Mercury.  —  To  secure  purity  it  should  be  first  treated 
with  acid  in  the  usual  manner,  and  subsequently  distilled  in 
vacuo. 

2.  The  Zinc.  — Take  a  portion  of  a  rod  of  pure  redistilled  zinc, 
solder  to  one  end  a  piece  of  copi)er  wire,  clean  the  whole  with 
glass  paper  or  a  steel  burnisher,  carefully  removing  any  loose 
pieces  of  the  zinc.  Just  before  making  up  the  cell  dip  the  zinc 
into  dilute  sulphuric  acid,  wash  with  distilled  water,  and  dry 
with  a  clean  cloth  or  filter  paper. 

3.  The  Mercurous  Sulphate.  —  Take  mercurous  sulphate, 
purchased  as  pure,  mix  with  it  a  small  quantity  of  pure  mer- 
cury, and  wash  the  whole  thoroughly  with  cold  distilled  water 
by  agitation  in  a  bottle;  drain  off  the  water,  and  repeat  the 
process  at  least  twice.  After  the  last  washing,  drain  off  as 
much  of  the  water  as  possible. 

4.  The  Zinc  Sulphate  Solution.  —  Prepare  a  neutral  satu- 
rated solution  of  pure  ("pure  recrystallized  ")  zinc  sulphate  by 
mixing  in  a  flask  distilled  water  with  nearly  twice  its  weight 
of  crystals  of  pure  zinc  sulphate,  and  adding'  zinc  oxide  in  the 
proportion  of  about  2  per  cent  by  weight  of  tlie  zinc  sulphate 
crystals  to  neutralize  any  free  acid.     The  crystals  should  be 
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dissolved  with  the  aid  of  gentle  heat,  but  the  temperature  to 
which  the  solution  is  raised  should  not  exceed  3(^  C.  Mer- 
curous  sulphate  treated  as  described  in  3  should  be  added  in 
the  proportion  of  about  12  per  cent  by  weight  of  the  zinc  sul- 
phate crystals  to  neutralize  any  free  zinc  oxide  remaining,  and 
the  solution  filtered,  while  still  warm,  into  a  stock  bottle.  Crys- 
tals should  form  as  it  cools. 

5.  The  Mercurous  Sulphate  and  Zinc  Sulphate  Paste.  —  Mix 
the  washed  mercurous  sulphate  with  the  zinc  sulphate  solu- 
tion, adding  sufficient  crystals  of  zinc  sulphate  from  the  stock 
bottle  to  ensure  saturation,  and  a  small  quantity  of  pure  mer- 
cury. Shake  these  up  well  together  to  form  a  paste  of  the 
consistence  of  cream.  Heat  the  paste,  but  not  above  a  tem- 
perature of  30°  C.  Keep  the  paste  for  an  hour  at  this  temper- 
ature, agitating  it  from  time  to  time,  then  allow  it  to  cool; 
continue  to  shake  it  occasionally  while  it  is  cooling.  Crystals 
of  zinc  sulphate  should  then  be  distinctly  visible,  and  should 
be  distributed  throughout  the  mass;  if  this  is  not  the  case 
add  more  crystals  from  the  stock  bottle,  and  rej)eat  the  whole 
process. 

This  method  ensures  the  formation  of  a  saturated  solation  of 
zinc  and  mercurous  sulphates  in  water. 

To  set  up  the  Cell 

The  cell  may  conveniently  be  set  up  in  a  small  test  tube  of 
about  2  centimetres  diameter,  and  i  or  5  centimetres  deep. 
Place  the  mercury  in  the  bottom  of  this  tube,  filling  it  to  a 
depth  of  say  0"5  centimetre.  Cut  a  cork  about  0*5  centimetre 
thick  to  fit  the  tube ;  at  one  side  of  the  cork  bore  a  hole  through 
which  the  zinc  rod  can  pass  tightly;  at  the  other  side  bore 
another  hole  for  the  glass  tube  which  covers  the  platinum  wire ; 
at  the  edge  of  the  cork  cut  a  nick  through  which  the  air  can 
pass  when  the  cork  is  pushed  into  the  tube.  Wash  the  cork 
thoroughly  with  warm  water,  and  leave  it  to  soak  in  water  for 
some  hours  before  use.  Pass  the  zinc  rod  about  1  centimetre 
through  the  cork. 

Contact  is  made  with  the  mercury  by  means  of  a  platinum 
wire  about  No.  22  gauge.  This  is  protected  from  contact 
with  the  other  materials  of  the  cell  by  being  sealed  into  a 
glass  tul)e.  The  ends  of  the  wire  project  from  the  ends  of  the 
tube ;  one  end  forms  the  terminal,  the  other  end  and  a  portion 
of  the  ghiss  tube  dip  into  the  mercury. 

Clean  the  glass  tul)e  and  platinum  wire  carefully,  then 
heat  the  exposed  end  of  the  platinum  red  hot,  and  insert  it  in 
the  mercury  in  the  test  tube,  taking  care  that  the  whole  of 
the  exposed  platinum  is  covered. 

Shake  up  the  paste  and  introduce  it  without  contact  with 
the  upper  part  of  the  walls  of  the  test  tube,  filling  the  tube 
above  the  mercury  to  a  depth  of  rather  more  than  1  centi- 
metre. 
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Then  insert  the  cork  and  zinc  rod,  passing  the  glass  tube 
through  the  hole  prepared  for  it.  Push  the  cork  gently  down 
until  its  lower  surface  is  nearly  in  contact  with  the  liquid. 
The  air  will  thus  be  nearly  all  expelled,  and  the  cell  should 
be  left  in  this  condition  for  at  least  24  hours  before  sealing, 
which  should  be  done  as  follows : 

Melt  some  marine  glue  until  it  is  fluid  enough  to  pour  by 
its  own  weight,  and  pour  it  into  the  test  tube  above  the  cork, 
using  sufficient  to  cover  completely  the  zinc  and  soldering.  The 
glass  tube  containing  the  platinum  wire  should  project  some 
way  above  the  top  of  the  marine  glue. 

The  cell  may  be  sealed  in  a  more  permanent  manner  by  coat- 
ing the  marine  §lue,  when  it  is  set,  with  a  solution  of  sodium 
silicate,  and  leaving  it  to  harden. 

The  cell  thus  set  up  may  be  mounted  in  any  desirable 
manner.  It  is  convenient  to  arrange  the  mounting  so  that 
the  cell  may  be  immersed  in  a  water  bath  up  to  the  level  of, 
say,  the  upper  surface  of  the  cork.  Its  temperature  can  then 
be  deternimed  more  accurately  than  is  possible  when  the  cell  is 
in  air. 

In  using  the  cell  sudden  variations  of  temperature  should  as 
far  as  possible  be  avoided. 

The  form  of  the  vessel  containing  the  cell  may  be  varied.  In 
the  H-form,  the  zinc  is  replaced  by  an  amalgam  of  10  parts  by 
weight  of  zinc  to  90  of  mercury.  The  other  materials  should  be 
prepared  as  already  described.  Contact  is  made  with  the  amal- 
gam in  one  leg  of  the  cell,  and  with  the  mercury  in  the  other, 
by  means  of  platinum  wires  sealed  through  the  glass. 


PROBLEMS  AND  EXERCISES 


QUESTIONS    ON   CHAPTER   I 

1.  In  what  respects  does  an  electrified  body  differ  from  a 
non-electrified  body? 

2.  Name  some  of  the  different  methods  of  producing  electri- 
fication. 

3.  A  bod^  is  charged  so  feebly  that  its  electrification  will 
not  perceptibly  move  the  leaves  of  a  gold-leaf  electroscope. 
Can  you  suggest  any  means  of  ascertaining  whether  the  charge 
of  the  body  is  positive  or  negative  ? 

4.  How  would  you  prove  that  the  production  of  a  positiye 
charge  is  accompanied  by  the  production  of  an  equal  negative 
charge  ? 

5.  Describe  an  experiment  to  prove  that  moistened  thread 
conducts  electricity  better  than  dry  thread. 

6.  Why  do  we  regard  the  two  electric  charges  produced 
simultaneously  by  rubbing  two  bodies  together  as  being  of 
opposite  kinds? 

7.  Explain  the  action  of  the  electrophorus.  Can  you  sug- 
gest any  means  for  accomplishing  by  a  rotatory  motion  the 
operations  of  lifting  up  and  down  the  cover  of  the  instrument 
so  as  to  obtain  a  continuous  supply  instead  of  an  intermittent 
one? 

8.  Describe  the  state  of  the  medium  between  two  oppositely 
charged  bodies,  and  state  how  you  would  determine  the  direc- 
tion of  the  lines  of  force  at  any  point. 

9.  Explain  the  Torsion  Balance,  and  how  it  can  be  used  to 
investigate  the  laws  of  the  distribution  of  electricity. 

10.  Describe  what  takes  place  as  an  electrified  conducting 
ball  is  made  to  approach  a  large  conducting  surface.  Show  by 
diagram  the  direction  and  relative  number  of  the  lines  of  force. 
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11.  Two  small  balls  nro  cbat^^ed  respectively  with  +  ^  au<l 

another  when  placed  m  a  distanci!  of  4  centimetres  from  one 
inotlreT?  Ant.  12  dynes. 

12.  If  tliese  two  liiilU  ace  then  mode  to  louch  for  an  instant 
and  then  put  back  in  their  farmer  positions,  with  what  force 
will  thej  act  on  each  other? 

Ans.  They  will  repel  one  another  with  a  force  of  i  dynei. 

13.  Enumerate  the  essential  parts  of  an  inflaence  machine; 
and  explain  how  they  operate  to  produce  electrification. 

14.  Take  the  diagrammatic  representation  of  the  Wimshurat 
machine  (Fig.  40)  and  fill  in  the  Sues  of  electric  force,  Etiowing 
their  direction  and  relative  number. 


16.  Describe  tour  different  ways  of  electrifying  a  tourmaline 

IT.   Zinc  filings  are  sifted  throngh  a  sieve  made  of  copper 
iofiied 


L   vire  upon  an  insulated  zinc  plate  joined  by  a 
[  scope.    What  will  be  observed  ? 

18.  Explain  tbe  principle  of  an  dfr-conileiiser.' and  state  nby 
I  It  is  that  the  two  oppositely  charged  plates  show  less  signs  of 
[  electrification  when  pliKed  ttear  together  tlian  when  drawn  apart 
> ^g  another. 

[*here  are  four  Leyden  jars  A,  B,  C,  and  D,  of  which  A, 
D  are  of  glass,  C  of  guttaperclia.  A,  B,  and  C  are  of  the 
...  .  ze,  D  being  Just  twice  as  tall  and  twice  as  wide  as  the 
others.  A,  C,  and  D  are  of  the  same  thiiOcness  of  material, 
bnt  B  is  made  of  glass  only  balf  as  tliick  as  A  or  D.  Compare 
Oieir  capacities. 

Ant.  Take  capacity  of  A  as  1;  that  of  B  wiU  be  2\  that 
o£  C  will  be  i ;  ami  that  of  D  will  be  4. 
20.  How  would  you  show  that  a  har  made  balf  of  xinc  and 
half  of  copper  Is  capable  of  producing  electrification  ? 

,  How  wonld  you  prove  that  there  Is  no  electrification 
Within  a  closed  conductor? 


SI.  Eiplain  the  action  of  Hamilton's  mill. 

24.  Two  brass  halls  mounted  on  glass  slems  are  placed  balf 
in  inch  apart.  One  of  them  is  gradually  charged  by  n  machine 
intll  a  spark  passes  between  the  two  bnlla.  Slate  exactly  what 
luipiiened  in  the  other  brass  ball  and  in  the  intervening  air  up 
U>  the  moment  of  the  appearauue  of  the  spark. 


690  ELECTRICITY  AND  MAGNETISM 


25.  Define  electric  density.  A  charge  of  248  units  of  elec- 
tricity was  imparted  to  a  sphere  of  4  centimetres  radios.  What 
is  the  density  of  the  charge?  Ans.  1'2^  (nearly). 


QUESTIONS  ON  CHAPTER  H 

1.  A  dozen  steel  sewing-needles  are  hung  in  a  bnnch  by 
threads  through  their  eyes.  How  will  they  behave  when  hung 
over  the  pole  of  a  strong  magnet? 

2.  Explain  the  operation  of  an  iron  screen  in  protecting  a 
galvanometer  needle  from  magnets  in  its  vicinity,  and  state 
why  it  is  not  perfectly  effectual. 

3.  Of  what  material,  and  of  what  shape,  would  you  make  a 
magnet  which  is  required  to  preserve  its  magnetism  onaltered 
for  a  very  long  time?    Describe  the  process  of  tempering. 

4.  WhsLt  is  meant  by  the  resultant  magnetic  force  at  a 
point  ? 

5.  Six  magnetized  sewing-needles  are  thrnst  vertically 
through  six  little  doats  of  cork,  and  are  placed  in  a  basin  of 
water  with  their  N-jwinting  poles  upwards.  How  will  they 
affect  one  another,  and  what  will  be  the  effect  of  holding  over 
them  the  S-pointing  pole  of  a  magnet? 

6.  What  distinction  do  you  draw  between  magnets  and  mag- 
netic matter  ? 

7.  On  board  an  iron  ship  which  is  laying  a  submarine  tele- 
graph cable  there  is  a  galvanometer  used  for  testing  the  conti- 
nuity of  the  cable.  It  is  necessary  to  screen  the  magnetized 
needle  of  the  galvanometer  from  being  affected  by  the  magnetism 
of  the  ship.    How  can  this  be  done  ? 

8.  How  would    you    prove    two    magnets   to   be    of   equal 

strenjrth  ? 


'!->' 


9.  The  force  which  a  majjnet-pole  exerts  upon  another  magnet- 
pole  decreases  as  you  increase  the  distance  between  them.  What 
is  the  exact  law  of  the  magnetic  force,  and  how  is  it  proved 
experimentally  ? 

10.  Describe  the  behaviour  of  Ewing's  model  of  molecular 
magnetism  in  a  nia.^netic  field,  and  show  how  it  corresponds 
with  the  behaviour  of  iron  when  magnetized.  Divide  the  process 
of  magnetizinjif  into  three  successive  stages. 

11.  What  force  does  a  magnet-pole,  the  strength  of  which  is 
9  units,  exert  upon  a  pole  whose  strength  is  IG  units  placed  6 
centimetres  away  ?  Ans,  4:  dynes. 
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rength  "  of  a  raagaet  and  it 


for  comparing  the  relative 
How  would  fuu  use  It  to  compius 
two  magnets?     U  their  distauces 


I 


14.  Descrilie    i 
Talues  ill  raagnetjo  tutC' 

the  magnatic  monientB  v      -  - 

troin  the  maKnctometer  are  TespecCively  20  ceutinietreB  aud  31) 
centiiuetreB,  what  i»  the  ratio  of  their  maeiiotic  momenCs? 

Aiii.S:37. 

15.  Twn  magnetg  have  the  same  pole  strength,  but  one  iB  twice 
as  iimg  ILB  the  other.  The  shorter  ib  placeil  3)  eeiiliinetiea  frutn 
B  iiiagnetometer  (using  the  end-ou  method) ;  state  at  what  dlB- 
ttuii:B  the  other  muBt  be  placed  in  order  Uiat  there  may  lie  no 
dolleiion.  Jni.  25a™nliiQetieg. 

16.  A  pole  of  strength 
jpon  another  pole  "  "  "  " 

that  pole?  .ano.  .oi  uiiiia. 

IT.  It  is  desired  to  compare  the  magnetic  torce  at  a  point  10 
BUtimetres  from  the  pale  of  a  magnet  with  tbe  magneuc  forc;e 
1 5  centimetres'  distaaue.    Describe  four  ways  of  doiog  this. 


19.  Id  what  dire 


uf  CoiiHequGiit  Poles. 

3  of  magnetic  inductiou 


nsenet: 
irtlcht 


21.  A  Bteel  bar  magnet  suHpcnded  horlxoctally,  and  set  to 
oscillate  at  Bristol,  made  110  uomplete  oscillattoDs  in  five 
minntea;  tiis  same  needle  when  set  OBclllating  horliioD tally  at 
St.  Helena  Gxeca ted  112  uomplete  oscillations  m  four  mlnateB. 
Compare  the  hnrtzontnl  component  of  the  force  of  the  earth's 
magnetium  at  Bristol  with  that  at  Bt.  Helena, 

JrtS.  Hat  Bristol;  H  at  St.  Helena :  :  484:784. 


22.  Soppnsi 
Helena  bi   be  .i  , 
■acetioD  the  total  ic 


le  dip  at  Bristol  to  be  70^  and  that  at  St. 

calculate  from  the  data  of  the  procDding 

irae  of  the  earth's  magnetism  at  St.  Helena, 

■<  that  at  BrisMl  being  taken  as  0'48  unit.  Am.  0-;i07. 

23.  A  Bmail  niagnetic  needle  was  planed  ma|mctioally  north 
of  the  middle  point  of  a  stront;  bar-magnet  which  lay  (magneti- 
cally) east  and  west.  When  the  magnet  was  3  feet  away  from 
the  needle  the  detleilDn  of  the  latter  was  2°:  when  moved  ap 
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to  a  distance  nF  2  feel  tLc  deflexion  was  6^  KO' ;  and  wbtin  only  1 
toot  apart  the  detlexioD  was  43°.  Deciuce  Ihe  luw  n{  the  Mul 
action  of  one  manuat  on  another. 

34.  Describe  hiiw  llio  clally  Irregularities  of  the  earti'a  mag- 
netism  are  registuced  at  dlRerent  atatious  tor  comparisou. 

QUESTIONS  ON  CHAPTER  in 

1,  Sliow  that  t!te  intal  of  [lie  differences  of  potential  l»y  con- 
le  cell,  the  materials 

2.  Classify  the  different  methods  of  preventing  nolarization 
in  vottnic  cells,  and  state  the  advantageB  and  disadvantages  of 
nslng  a  atroiig  depolarizer,  such  as  uhrumii:  uuid. 


4.  A  current  (if  10  amperes  flows  toc  halt  au  hour^  find  [tie 
totul  quantity  ul  electricity  that  passes.  Also  defiiie  the  unit 
by  which  the  quantity  ia  mpaauced.  Ana.  18,(KM)  cuulorn'm. 

B.  State  from  what  souroo  the  energy  yielded  by  a  voUaic: 

ti.  How  is  local  action  in  a  voltaic  cell  mimmized? 
T.  Twenty-four  similar  cells  are  grouped  together  in  four 
rows  of  six  cells  each;  compare   the  el»:±r»motive-forGe  aud 
the  resistance  of  the  battery  thus  ^^rouped,  with  the  electro- 
motive-force a]id  the  resistunoe  of  a  single  cell, 

Ans.  Thu  E.M.F.  of  the  battery  is  six  times  that  of  one 
cell.  The  total  Internal  resistance  is  one  and  a.  half 
times  that  of  one  cell. 


of  E.M.F.    State  tt 

ei|nator  of  a  model  terrestrial  glc%e.  Apply  A.rap£re 
determine  in  which  direction  a  current  must  be  sent  through 
the  coil  in  order  that  the  model  globe  may  represent  Uie  condi- 
tion of  the  earth  magnetically. 

Am.   The   current   must   flow  across  the   Atlantic  from 

Africa   to    America,  and   across   the    Pacific    from 

America  toward  India ;  or,  In  other  words,  must  How 

always  from  east  toward  west. 

10.  A  current  of   34  amperes  flows  through  a  cirtMtlar  coil  et 

seventy-two  turns,  the  (average)  diameter  of  the  coils  Iminj;  39 

— .. — ......     What  is  the  strength  of  the  magnetic  field  whioli 


llie  current  produc 


re  of  tlie  coll  ? 


ol  the  lines  of  forcB? 

13.  Suppose  a.  current  passing  thmugti  tbe  abovo  coll  pro- 
duued  n  dodeiion  of  35''  upon  tl  smalt  nmcnetic  needle  placed 
at  lis  centre  (the  plane  ot  the  coils  being  in  tlie  magnetic  meri- 
dinu),  at  a.  place  where  the  horizontal  coniponent  of  the  earth's 
magnetic  (orceis'Stiuiits.  Calcatate  the  strength  o(  the  cnrrent 
In  amperes.    (Art.  213.)  Ans.  O'KS.'i. 


13,   Theci 


ot  wliiiib  hangaSRiBU  magnetic  neeiile  to  serre  as  a  tangent 
Kalranometer.  When  the  steam  engine  drove  the  armature  of 
the  generator  at  4S0  revolutions  per  minute  the  deflexion  ot  the 
neeille  was  HO".  When  the  xpeed  ot  the  eiiHine  was  increased 
BO  as  to  produce  900  revolutionfl  per  mlnate  the  deflexion  was 
M".    Compare  tbe  strength  of  the  cnrrents  in  the  two  cases. 

Ant.  The  current  v/na  twice  as  (treat  as  before,  (or 
tan  74°  is  almost  exactly  double  ot  tan  UO^. 


IT.   What  Is  meant  by  a  "  null  metliod  "  of  abservation? 
18.  Why  is  the  needle  of  a  tangent  galvanometer  made  very 


.D.  You  are  snpplied  with  an  ammeter  and  a  voltmeter  for 
[    the  purpose  ot  ascertaining  the  current  snpplied  to  an  electro- 
lytle  bath,  and  the  voltage  at  which  it  is  sapplied.    Show  how 
you  nonld  join  them  up. 

30.  The  current  (rom  two  Grove's  cells  was  passed  throngh 
a,  sine-galvanometer  to  measure  its  strength.  When  the  con- 
ducting wires  were  of  stoat  copper  wire  the  colls  had  to  be 
tamed  Ihmugh  70°  before  they  stood  parallel  to  the  needle. 
But  when  long  thin  wires  were  used  aa  conductors  the  coils  only 
required  to  be  turned  through  !)°.  Compare  the  strength  of 
the  current  In  the  Urst  cBiSe  with  that  In  the  second  case  when 
flowing   through   the   thin  wires  which  offered  considerable 


it 


Am.  Currents  are  m  1  Ic 
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St.   A  plats  of  line  and  a  |>late  of  C' 


ntted  liy  tuuper  wires  to  tho  two  strewa  of  a,  ealvanomeicr. 
hey  were  tbeu  dippeil  Bide  by  Bide  Into  a  gliuB  eootaiiiloe 
llute  BulpUuric  arid.     Tlie  {{alvanumeUir  ueedle  at  first  showed 


dilute  sulpliuric _ 

a  deltexioD  (i!  28",  but 

fallen  to  11".    Uun  do  yon  accoi 


33,  Name  the  Bubstaiices  produced  nt  the  ani>de  aad  katliode 
lesMctively  during  the  eleutrolysls  of  thu  Totlowing  Babstauctis: 
—  Water,  Uitute  sulphuric  aeiS,  nihhale  o/  copper  (dissolved 
lu  water),  hyiirochliine  acid  <«roug),  iudide  lif  potaasium  {dis- 
solved in  water),  chloride  of  tin  (tuBed). 


34.   A  current  is  sent  thrnogh    three 
flnt  iiiintBlninK  acidulated  water,  i.Ik-  -^    < 
the  third  oiintBins  a  solution  ot  sihi  i 
Howtnuiib  copper  will  have  been  <]<  r 
while  2'2II8  grammes  of  silver  havi'  \>- • 
cell?    And  what  mlvrne  of  iiiiie.1  U!Lh. -  !■ 
at  the  same  time  in  the  firvl.  cull  ? 

Arts.  -(jWia  graminea   of  I'opiier 
metrea  of  mixed  gnsos. 


ralyrl. 


'tOls.  Iho 


t  giaxBes  by  (ilatiniim  elei'trodes  through  Ihrei 


eleutrode  by  the  passaee  of  lOlX)  ooulomba  of  eloetiidty. 
A„,  Fir,i  r,fi  i  AuodB -osa*  gramma  of  Mygenmg. 
Am.  J-  mi  Leu.  j  Kathode  -SHHt  gramme  of  coppelT 

beaond  Ull, ,  Katiu,^^  ■2«S  gramme  of  uSu. 
j  Anode  '3«Tit  gramme  of  chio 
I  Kathode  'litis  gramme  ot  ir 

Si.  The  ends  of  a  coil  of  Sue  insulated  wire  are  tioniiecttd 
with  the  UinnlnalH  of  a  galvanometer.  A  steel  bar  magnet  is 
pushed  sloinly  into  the  hollow  of  tbe  coll  and  then  withdrawn 
aiiddeiily.  Whitt  actions  will  be  obeerved  on  the  needle  uf  the 
galvanometer  7 

27.  Kound  tbe  outside  of  a  deep  cylindrical  jar  are  colled 
two  separate  pieces  of  fine  silk-covered  wire,  aach  consisting  of 
many  turns.  Tlie  ends  ot  one  coll  are  fastened  to  a  batl«ry, 
those  of  the  other  to  a  sensitive  gatvunometer.  Wbeu  au  iron 
bar  la  poked  ioUi  the  jar  a  momentary  current  Is  obeervedinthe 
oils,  and  when  It  ia  drawn  out  anothet  tnomen- 
it  in  an  oppoBite  direction.  Is  observed.  EbcpUiii 
these  obaervatloQB. 


28.  A  casement  window  has  an  irou  frame.  The  aspect  la 
lorth,  tbe  hinges  being  on  the  euat  side.  Wb&t  bappeua  in  the 
Itame  wheu  Uie  winctow  is  opened '! 

39.  Explain  the  cunstruttiun  of  tbe  induction  coil.  Wliat  are 
1'  tbe  particular  uses  ot  tbe  condenser,  the  aatomatic  break,  and 

■  *aiB  iron  wire  core? 

30.  It  ia  (tesired  to  meaaiire  tba  atren^h  ot  tbe  Held  between 
I  the  poles  ol  an  olpctromagnet  which  is  excit«d  by  a  cnrtent 
I  from  a  cunataot  source.  How  could  you  apply  Faraday's  dis~ 
r  OOVerj  of  induction-eurrents  to  thJs  purpoBe? 

II.  A  small  battery  was  joined  In  circuit  with  a  coil  ol  fine 
e  and  a  galvanometer,  in  wbieh  the  cnrrent  was  tunnd  to 
I  nrodnoe  a  ateady  but  small  deflexion.  Ad  unmagnetized  iron 
bar  was  iiuw  plunged  into  tbe  hollow  ot  the  uoil  and  then 
withdrawn.  Tlie  galvanometer  needle  was  observed  to  recede 
momentarily  from  its  first  position,  tben  to  return  and  to 
swing  beyond  it  with  a  vrider  arc  than  before,  and  iinally  to 
settle  down  to  its  original  detlexioii.  Explain  these  actions, 
and  state  what  was  the  source  of  the  energy  that  moved  the 
I    needle. 

■  32.  A  tangent  gsUvanometer,  whose  "constant"  in  at>8olot« 
I  jmits  was  O'OH  was  joined  in  circuit  with  a  battery  and  an 
r  electrolytic  cell  containing  a  solalion  of  silver.  The  current 
I    'was  kept  on  for  one  hour;    the   deilexion   observed   at   the 

beginning  was  311°,  but  it  fell  steadily  during  the  hour  to  34°. 
Sappuaing  the  horizontal  component  of  the  earth's  magnetic 
force  to  be  '!S,  oalcnlate  the  amontit  of  silver  deposited  lii  tbe 
cell  during  the  hour,  the  absolute  electio-chemlcal  equivalent  of 
■liver  being  (HUl^.  Aii».  0-526  gramme. 

(33.  A  piece  of  zinc,  at  tbe  lower  end  of  which  a  piece  of 
^eopper  wire  is  fixed,  is  BUBpended  In  a  glass  jar  containing  a 
aolulion  of  acetate  of  lead.  AFter  a  tew  honrs  a  deposit  of  lead 
In  a  vurlouB  tree-like  foru  ("Arbor  Batnrnl ")  grows  downwards 
from  the  copper  wire.     Explain  tliis. 

St.  Explain  the  conditions  under  which  eieutricity  excites 
iniwculac  contraction.  How  can  the  converse  plienoraenon  of 
curreuts  of  electricity  produced  by  muscular  contraction  be 

»35.  A  certain  piece  of  apparatus  has  two  terminals  on  each 
Ude.  To  these  a  pair  of  wires,. A  and  B,  are  attached  at  one 
tide,  and  another  pair  at  C  and  D.  Examination  with  a  volt- 
jester  ihows  that  the  potential  ot  A  is  higher  than  that  of  B, 
and  that  of  C  higher  than  that  of  D.  Yet  examination  with  an 
ampere-meter  sbowa  that  a  current  is  (lowing  from  B  to  A 
throi^h  the  apparatus,  and  another  current  from  C  to  D 
through  the  other  part  of  the  apparatos.  By  which  circuit  is 
Ote  energy  coming  in,  and  by  wMch  ia  it  gomg  ont? 
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magnetic  lines  are  withdrawii  From  a  vir- 
,  tbe  quantity  of  elei^Hclty  tbereby  traos- 
(aiTHd  aroimil  the  ciriTiiit  (i.e.  the  time  iategral  o(  the  induced 
current)  will  be  Q  =  H/K.    (See  Art.  225.) 

XJ.  The  strength  n(  the  field  betwaou  tlio  pules  of  a  large 
alectrom^net  wns  determined  l)j  the  following  meana:^A 
imall  drcolar  coil,  conBlating  ot  40  turns  of  fine  iosulated  wire, 
mounted  ou  a  handle,  was  connected  to  the  terminala  of  a 
long-coll  galvannmeter  hBriiig  a  heavy  needle.  On  inverting 
this  coil  suddenly,  at  a  place  where  the  total  intensity  of  the 
earth's  magnetic  force  was  '4S  unit,  a  deflexion  of  d'  was  showu 
as  the  first  swing  of  the  galvanometer  needle.  The  senaitivenoBa 
of  the  galvanometer  was  then  reduced  ti>  itg  by  means  of  a 
shunt.  The  little  coll  wits  introduced  between  the  poles  of  the 
electromagnet  and  snddenly  inverted,  wben  the  first  swing  of 
the  galvaiioraeter  needle  reached  40'.  What  was  the  strength 
of  the  field  betwceti  the  poles?  Am.  iH6'7  units. 

QUESTIONS   ON  CHAPTER  IV 


.  At  what  distance  must  a  small  sphere  charged  with  28 
ta  of  electricity  be  placed  from  a  second  sphere  charged  wilb 
'n  order  to  repel  the  latter  with  a  force  of  33  dynes  ? 


3,  Suppose  the  distance  from  the  earth  to  the  moon  to  be  (in 
round  nnmbers)  38Kx  Kf  centimetres;  and  that  the  radius  of 
the  earth  is  (Hi  X  IW  centimetres,  and  that  of  the  moon  IB  x  Vfi 
centimetres;  and  that  both  iniiou  aud  earth  are  charged  until 
the  surface  density  nn  each  of  them  is  of  the  average  value  of 

:s  per  square  centimetre.    Calculate  tbe  electrostatic  re- 

-  ' -een  the  moon  and  the  earth. 


electricity. 

electricity 

respectively. 


4,  A  small  sphere  is  electrified  n 
Calculate  thc/urce  with  which  it  ri 

at  distances  of  1,  3,  3,  4,  S,  R,  8,  and  .    .      __. 

Then  plot  out  the  "  cmtoe  uf  force"  In  eoale;  measuring  the 
respective  distances  along  a  line  from  left  to  right  as  so  man; 
centimetres  from  a  fixed  point  as  origin;  then  setting  out  as 
vertical  ordinatea  the  amounts  you  have  cnluuhiteil  for  the  cor- 

■    3'  forces;    lastly,  connecting   by  a  curved   line  the 

system  of  points  thos  twand. 

6.  Define  electrostatic  (or  electric)  "poteniial";  and  calcu- 
late (by  the  rule  given  in  ilalici  in  Art.  a<!3)  the  potential  at  a 
point  A,  which  is  at  one  corner  of  a  square  of  H  centimetres' 
side,  when  at  the  other  three  coruers  B,  C,  D.  taken  In  order, 
charges  of  + 16,  +3i,  and  +34  units  are  reapactivelj  placed. 

Ana.  8  (very  neariy). 
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is  elocl.rifiad  with  24  units  of  4-  eloctrioity. 
Calculate  the  polentitU  ilue  to  this  r^rge  at  points  1,  2,  3,  4,  G, 
1),  H,  and  10  i^ntimetrea'  dlstauce  respectively.  Then  plot  oot 
the  "  curve  iif  poletitial  "  ta  scale,  as  described  in  q^uestiou  4. 

7.  A  amall  sphere  charged  with  100  nliila  of  electricity  Is 
dipped  into  a  bath  of  oil  bavlne  a  dieleptrio  capacity  2;  find  the 
force  it  wonld  eiHrt  on  a  anil  charge  5  centimetres  away. 

Alts.  '2  dymet. 

S.  DiatlnEQish  between  the  surface  density  at  a  point  and 
the  potential  at  that  polut  due  to  neighlioiiring  charges. 

.  What  are  eqiiiiHitential  siirfaces?     Why  ia  the  surface 
_   .__..!. ..J    . .._!.... ._..! .!..    -iirta^ay      jg    ]| 

10.  Show  that  the  cupacity  of  an  isolated  sphere  in  air  of 
radiiiH  y  has  a  capacity  eiiiial  lo  '  unlCH.  What  is  ttie  electro- 
static unit  of  capacity  ? 


12.  A  aphere  wlioae  rnilivt  is  14  oentiraetres  is  charged  nntil 
the  Hurfaue  density  has  a  valae  of  10.  Wiiat  quantity  at  electri- 
city ia  required  for  this?  Ana.  2iifiia  units  (nearly). 

13.  In  the  above  question  what  will  be  tbe  pofenCioI  at  the 
aucface  of  the  sphere?  (See  Art.  2<i().)   -l(u(.  ITffc  (very  nearly). 

14.  In  the  case  of  qoestion  12,  what  will  be  the  electric  force 
ftt  a  point  oulslile  the  sphere  and  indefinitely  near  to  its  sur- 
lace?    (Art,  270.)  ^iw.  1257  (very  nearly). 

in.  Suppose  a  sphere  wiioae  rniliua  ia  10  centimetres  to  be 
diarged  with  6384  units  of  electricity,  and  that  it  is  then  caused 
to  snitre  Its  cliarga  with  a  noii-tlectriiied  sphere  whose  radius  ia 
15  centimetres,  what  will  the  reapootive  charges  and  surtnoe- 
densltlea  on  the  two  apherea  be  when  aeparated? 

Ans.  Small  sphere,  9^2&13'G,  g=2: 
Large  sphere,  q  =  ;1770'4,  j  =  1-33. 
IB.   A  charge  of  4-  8  nulls  ia  coUectad  at  a  point  20  centi- 
metreH  distant  from  the  centre  of  a  niotallic  sphere  whose  radius 
ia  10  centimetres.    It  Inducea  a  nBgfl.tlve    '    '  '"     ■*         *    ■ 
nearest  side  of  th        '  "'    '  '    '  ' 

that  if  4  negativf  , 

potential  on  all  external  points  exactly  equal  to  that  of  the 
actual  negative  electrification.     (See  Art.  2T5.) 

Aiu,  The  point  must  be  nn  the  line  between  the  outside 

positive  charge  and  the  centre  of  the  sphere  and  at  6 

centime,  from  tbe  surface. 

IT.  Two  large  parallel  inotal  plates  are  charged  both  pogi- 

y  bnt  unequally,  the  density  at  the  surface  of  A  being  +0, 
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i  placed  2  csntl- 
—it  of  electricity 
e  by  »  + 


that  at  the  surface  of  B  being  +3.     They  a 

metrea  apart.    Find  the  force  with  which  a  +  

U  nrged  from  A  Cowards  B.    Find  also  the  work  done  b 
unit  of  Blectriuily  in  pasaing  [com  A  to  B. 

Am.  Electric  force  from  A  towards  B  =  18'8S  dj/iu:» ;  work 
doBB  by  anit  in  passing  from  A  to  B  =  37"5  erg*. 
18.  What  Is  meant  by  the  dimennionii  ot  a  physirail  quantity? 
DedDoe  from  the  Law  of  Inverse  Sqnares  the  dimenBions  nl 
elactricily;  and  show  by  this  moans  that  electricity  is  not  a 
quantity  of  the  same  physical  dimensions  as  either  maltfr, 
energy.  OT/oi-ce. 


20.  Describe  tl 


n  electrostatic  Tollmeter, 


SI.  One  of  the  two  cnaliiiKS  of  a  oondenser  is  put  to  earth, 
to  the  other  coiitinK  n  cliurgo  of  S400  uiiita  is  imparted.  It  'K 
found  that  the  diirereiice  of  pot«ntiiil  thereby  produced  between 
the  coatlues  is  Ifi  (electrnstallc)  anlta.  What  was  the  capacity 
of  the  oondcnser?  Ani.  360. 

22.  What  Is  the  meaniuR  of  specific,  iadiKCivp,,  enpaeitii  f 
Why  does  hot  glass  appear  to  have  a  higher  speclflc  Inductive 
capacity  than  cold  glass  1 


t  the  linea  of  fnroe  li 


, .n  parallel;  and  in  series  with  them  it  ^ 

condenser   bavin;;   a   capacity  ot   G   microfarads.     Find   the 
capacity  of  the  whole  rombination. 

25.  Compare  the  pb 

Leyden  Jar  with  the  pheni 
lytic  celf. 

20.  A  condenuer  was  made  of  two  flat  square  metal  plales, 
the  side  of  eai'h  of  tliem  heiog  36  centiraetrea.  A  sheet  ol 
iiidiarubber  4  centiiii.  thick  was  placed  between  them  as  a 
dielectric.  The  specific  iiidnotive  capacity  ot  Indiaruhbor  beina 
taken  as  2'2fi,  calculate  the  capacity  of  the  condenser. 

Ann.  M3'8  etecfrostafic  units. 

2T.  Calcnlate  (in  electrostatic  units)  the  capacity  ot  a  mile 
of  telegraph  cable,  the  core  heinK  a  copper  wire  of  '18  centim. 
diameter,  surrounded  by  a  sheathing  of  guttapercha  '01  centim. 
thick,     [it  tor  KUttapercba  =  2'4fi ;  one  mile  ^  160,933  centfana.) 
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SH.  A  Leyden  jnr  la  made  to 
jars,  each  at  whicli  is  equal  t 
Htiere;  ut  tlio  charge  hi  oiid  ju 
charge. 


ita  charge  with  two  ot 

capacity.     Compare  the 

-.he  energy  ot  the  original 
^118.  One  nlntli  aa  great. 


2!l.  A  series  of  Leyden  jars  of  equal  capacity  are  cbarged 
"in  cascade."  Compare  the  total  energy  oi .the  charge  of  the 
Inilividual  jars  tboB  charged,  with  that  ot  a  single  jar  charged 
fcora  the  Bame  suurca. 

3D.  Classify  the  various  modes  iit  discharge,  and  stnte  the 
conditions  under  which  they  occur. 

31.  Suppose  a  condenser,  whose  capacity  Is  10,00D  charged 
to  potential  14,  to  be  partlall;  discharged  so  tliat  the  potential 
fell  to  5.  Calculate  the  amount  of  heat  produced  by  the 
discharge,  on  the  supposition  that  all  the  energy  ot  the  spark 
is  converted  into  heat.  Ans    ■O-iO'.an  of  a  unit  of  beat. 

32.  How  do  changes  ot  pressure  affect  the  passage  of  electriol 
sparks  through  air  ? 

33.  Describe  some  of  the  properties  of  matter  in  its  ultr»-| 
gaseous  or  radiant  state. 


1  transmissioi 


itml    how  can 


35.  How  is  the  (liiTeronce  ot  potential  between  the  earth  and   ' 
the  air  above  It  moaHuredV  and  what  light  do  such  measuro- 
ments  throw  on  the  periodic  Variations  in  the  electrical  state  of 
the  atmosphere  ? 

3B.  What  explanation  can  he  given  of  the  phc 


.  What  are  the  essential  features  which  a  Ughtning-coib-.l 
>r  must  possess  Iwfore  it  can  be  pronounced  satistacloryf  ■ 
what  are  the  reasons  for  insisting  on  these  points? 
.  How  can  tlie  duration  ot  an  i<lectric  spark  be  measured  7  "I 


QUESTIONB  ON   CHAPTER   V 

1.  Define  iiniffimlic  polenUiil,  ami  finil  the  (magnetic)  polenthil 
duo  to  a  bar  magnet  iO  centimetras  lung,  and  of  Htrength  80,  at 
a  point  lying  In  a  line  with  the  magnet  poles  and  <l  centimetres 
distant  from  its  N-seehing  end.  Am.  S-A. 

2.  A  N-seeklng  pole  and  a  S-seefeing  pole,  whose  atrengths 
are  respectiTely  -j- 120  and  —  <iO,  are  in  a  plane  at  a  distance  of 
U  centimetres  ai>art.  Find  ihe  j>olnt  between  them  where  Uie 
potential  Is  ■=  0;  and  throngb  thjs  point  draw  the  carve  of  zero 
potential  in  the  plaue. 
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3.  Uaflne  "  in  tenuity  of  the  ningnetic  field."  A  magnet 
whose  strength  is  2TU  la  plai:i!d  io  a  imilotm  m^oetic  beld 
whose  Intsnalt;  Ib  'l(jt>.  What  are  the  forces  which  act  upou  its 
poles?  Alia,  +45  dynes  auti  —  45  dyiiea. 

4.  Dafine  "intenaily  of  magiietliatlon."  A  rectangular 
bnr-oiagnet,  whose  leug^h  was  i>  centimetres,  was  magnetized 
until  the  strength  of  Its  poles  whs  lt>4.  It  was  2  centimetres 
broad  am!  5  centimetre  thiuk.  Supposing  it  to  be  unitormly 
magnetized  throughout  its  length,  what  Is  tlie  latensity  ot  the 
magnetization  ?  Am.  104. 

6.  A  certain  electric  mot^r  has  IDO  conductura  on  its  anna- 
tare,  each  carrying  10  amperes.  The  nnmber  of  hnes  of  toroe 
passing  through  the  armature  in  5UO,U(IO.  Find  the  work  (in 
e^s)  done  la  one  revxilution  of  the  armature. 

As  each  cciniiuctnr  cats  the  lines  twice  in  one  revoiutloD  ttie 
answer  will  Ije  100,000,000  ergg. 

6.  Find  the  torque  (see  Art.  13G)  on  the  armature  described 
in  the  last  question.  Note  that  with  the  above  dnta  the  torque 
Is  independent  of  the  radius  of  the  armature,  for  the  force  on 
each  conductor  Is  proportional  to  the  strength  of  the  field,  and 
this  is  Inversely  proportioiial  to  the  radius  if  H  remains  the 
same.  ^^^  ICO.OOO.OOO  ^ 


tadius.    What  waa  the  strength 

ring?    What  was  the  potential  al     , 

of  tile  ring  and  4  ceiitimetres  distant  frcnn  the  clrcnroterence  of 
theriog?  -  Ans./=^-irf!iiV=  ±0-0^1. 


(A)  If  the  spiral  were  1 
diameter,  And  the  force  oi 
(2)  at  its  end. 


etre  in  length  and  1 

d  unit  pole  placed  (1)  in  its  centre; 

Ans.  la'ST  dynes  and  6-3«  dj/nes. 

a  the  power  of  au  electromagnet  ? 

ire  in  an  electro- 


II.  A  rod  of  soft  iron,  0':!'2  cm.  In  diameter  and  I  metre  long 
is  uoifurmly  overwound  from  end  to  end  with  an  lasulated 
copper  wire  making  <i3T  turns  In  one  layer.  Find  (usinit  Bid- 
well's  data  In  Art.  »»)  what  strength  of  poles  tbU  rod  will 
acquire  when  a  current  of  0  amperes  is  sent  through  the  coil. 

Am.  IM'D  unlU. 


I 


__l.  Enunt-'iate  Maxwell's  rule  unnceniiii^  magnetic  nhtilU, 
mnd  (rom  it  deduce  the  litws  of  pamllel  aii4  oblique  ourrenlB 
discovered  by  Amji^re. 

l-l.  A  circolar  copper  diah  is  joined  to  the  zinc  [tole  of  a 
(mall  battery.  Acidulated  water  is  tlien  poured  iato  tbe 
dish,  and  a  wire  from  the  carbon  pole  of  the  battery  dips  into 
the  liquid  at  the  middle.  A  few  seraps  of  cork  are  thrown 
'-  'o  render  any  niDTenient  of  the  liquid  visible.     What  will 

Lr  when  the  H-seeking  jiole  of  a  strong  bar-magaet  is  held 

above  the  dlab? 

14.  Roget  hung  up  a  Rpiral  of  copper  wire  so  that  the  loner 
laidjital  dipped  into  a  cun  of  roercury.  When  a  strong  uurrent 
ma  sent  through  the  aplral  it  started  a  uontlDuiins  dance,  the 
lower  end  produdng  bright  aparka  aa  it  dipped  in  anil  out  o( 
the  mercury.    Explaiu  this  experiment. 

IG.  It  Ih  believed,  though  il 
ozoue  is  more  strongly  oiaguet 
be  pot  to  proof  ? 

Ifi.  What  is  meaut  by  the  pe 
State  some  subataDuos  iu  which 
which  it  varies. 


17.  Deaoribo  a  method  of  n 


iring   the 


IS.  A  ring  of  iron  is  wound  with  two  i 
connected  to  a  ballistic  galvanometer,  and 
other  to  a  battery  a  throw  ul  the  needle  ol  juu  hcu. 
la  observed.    Tbe  current  is  then  broken  and  there 
of  40  dlriaions  in  the  opposite  dirootiou.    Why  are   tue   two 
throws  not  equal?    What  change  has  taken  plaice  in  tbe  iron? 
How  would  you  bring  it  back  to  its  original  condition? 

19.  Sketch  a  closed  hysteresis  curve  for  hard  ateel,  for 
which,  when  H  is  raised  to  lOO,  B  =  12.800,  and  tor  which  the 
remaneuce  ia  !)300  and  tbe  coercive  force  40. 


One  coil  is 
me<^tiDg  the 
Je  diyJstons 


20.  An  iron  bar  30  centimetres  long  and  10  square  centi- 
metres in  sectional  area  is  bent  into  tbe  shape  of  a  b'irse-shoe 
for  the  purpose  of  making  an  electromagnet  wblcb  ahull  have 
a  pull  of  <ili  kilograms  npon  its  armature  (a  bar  V2  centimetres 
long  and  10  square  centimetres  in  section)  when  it  is  }  inch 
away  from  its  poles.  Find  the  number  of  ampere  turns 
required,  assuming  a  leakage  ot  one-third  of  tbe  lines  of  force. 

Taking  the  formula :  — 

^x  ao  sq.  ems.  of  pole  face  =  66,000x  1)81  dynes, 
we  get  B  ^  9000.    From  tbe  table,  Art.  364,  f>i  tor  the  armature 
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1 10  X  aa 


2250      10  X  UOO 


K  9000=  13,o00,   sa   tbat 
1-207=  18,^0- 


1,  aJid  n  the  numlier  of  turns. 


Henoo  diamatBr    of   wica,   j  ^     I  '"v"".?  ■"'^  ^  '  V.  =  froiri 


i  lH,i>3ll  X  7  X  J  X 
V  10«  X  100 


N.B.  — The  thicknBM  of  wire  Is  independent  of  the  nmober 
of  CurnB  (except  in  bd  tar  as  tliia  afTecljt  the  idbmq  lUameter  oE 
the  bobbin),  hut  the  BrBHter  the  niimbar  n(  tnniBthe  lnaa  will  be 
the  number  of  -wnlta  expended. 

32.  Whikt  ia  the  object  of  "  polarlxin); "  the  i)_. 
majtnot  in  a  pieuo  ci[  mw'haniaiii ,  sucti  as  a  relay? 

Zi.  Describe  the  VDiiatructlun  at  ti  current-balance,  and  the 
modo  o!  using  it. 

QUESTIONS  ON  CHAPTER  VI 

1.  Tlie  renisCance  of  telegraph  wire  beinc  taken  ns  13  ohms 
jier  mile,  and  tbu  E.M.F.  of  a  Leclancbc  cell  M  :-4  roll,  calculate 
how  many  cells  are  needed  to  send  a  eiirrent  of  IB  inilli-iimpeivf 
tbiauRh  n  Una  120  miles  long;  assaming  that  the  iostramenls  in 
circuit  ofTfr  an  inncb  realHtance  as  30  miles  of  wire  would  dn. 
and  that  the  return  current  through  eaHh  meets  with  no  appre- 
ciable reslataiice.  Aas.  16  celts. 

2.  FlftyGni¥B'so6llB(E.M.F.ofaGrovo  =  l'8«o»)areunlled 
In  series,  and  the  circuit  is  completed  hy  a  wire  whose  reeietancu 
is  in  ohttut.  Supposing  the  internal  lesistanRB  of  eatdi  cell  t»  ba 
O'K  uhm,  calculate  the  strength  of  the  current. 

Ana,  3  amperes. 

3.  The  current  running  thcnngh  an  incandMcent  lilaraent  of 
carbon  in  a  lamp  was  found  to  he  exiu'tly  1  ifinpcru.  The  difTer- 
euee  of  potential  between  the  iwn  terminals  of  the  lamp  while 
the  current  was  iiowini;  was  tonnd  to  be  30  »olls.  What  was 
the  resistance  of  the  filament? 

4.  Define  specific  resistance.    Takinf;  a  specific  resistance  of   - 
copper  as  itii2,  calcnlnte  the  resistance  of  a  kilomDtre  of  copper 
wire  whose  diameter  is  1  millimetre.  Ann.  30'9  oAnu. 


5.  On  meBBiiring  the  resistaroo  of  a  piece  ol  No.SOB.W.G. 
(oovered)  copper  wire,  IS'l'i  yards  long,  I  fmuid  it  to  hitve  a 
reBlxtanDe  ol  S'OS  ohms.  Another  coil  of  ttie  aHine  wire  had  a 
tesiatance  of  2263  ohais;  what  length  of  wire  was  there  in  the 
coil?  J-Jis.  IHB'S  yards. 

6.  Calculate  the  reslstan^^e  of  a  copper  conductor  ono  square 
centimBtre  in  area  of  crosa-BBction,  and  long  enough  to  reach 
from  Niagara  to  New  Yorh,  reckoning  ttus  distance  as  480 
kilometres.  Jim.  78'8  o/»ri», 

T.   Find  the  dro[f  In  volts  it  100  amperes  is  passed  throDgh 

this  conductor.    What  would  be  the  waste  of  power  (in  teal («)  ? 

Alts.  31,630  vutts,  13,eOS,000  mntt*. 

~-     i.  The  resistance  from  plate  to  tilate  in  a  certaiii  electrolytic 
bath  Ib  OD  of   ttu   ohm.     You  wish  to  pa^a  through  it  tlie 
ent  yon  can  get  from  20  Daniell  cells,  each  with 
one  ohm.    How  would  you  group  the  cells? 

Ane.  i  In  aeries,  5  rows  In  parallel. 

0.  The  specific  resistance  of  gnttaperpha  being  -35  x  10", 
:alculato  (be  iinmbeF  of  conlomba  of  cleclrtclty  that  would 
leak  in  one  mitiLnj  through  a  sheet  of  gutta|iercba  one  ceiiti- 
tnetra  tliiuk  anil  one  metre  square,  whose  faces  wore  covered 
with  tinfoil  and  Joined  respectively  to  the  poles  of  a  battery  of 


atroneeat  i 
arealstanc 


100  DanieU's  cells. 


(.  !I7  a 


10.  Six  DanielVs  cells,  tor  each  of  which  E  =  l-(Ki  roll  r^ 
O'S  ohm,  are  joined  in  series.  Three  wires,  X,  Y,  and  Z,  wlioae 
resistances  are  sevemJly  3,  3U,  and  300  ohms,  can  be  inserted 
between  the  poles  of  the  battery.  Determine  the  current  which 
flows  when  each  wire  ia  inserted  HCparately;  also  determine 
that  which  flows  wheu  they  are  ail  io.'terted  at  once  in  parallel. 

Alls.  Through  X  I'flS      amflert*. 

Through  Y  O-IMS 

Through  Z  0-oa07       " 

Through  all  three  I'ltO 

11.  Calculate  the  number  of  cells  required  to  produce  a  cur- 
rent of  90  nUlU-ampeTVi  through  a  line  in  miles  long,  whose 
resJBlance  is  12^  ohms  per  mile,  the  available  oelta  of  the  bat- 
tery having  each  an  Internal  resistance  of  1'5  ohm,  and  an 
B.M.F.  of  1-e  volt.  Am.  50  cells. 

12.  You  have  20  large  LeclanchiT  cells  (K.M.F.  =  IB  volt,  r  ~ 
0'5  ohm  each)  In  a  circuit  in  which  the  citornal  rosiHtanoo  is  10 
oAini.  Find  the  strength  of  current  which  flows  (a)  when  tlic 
cbUs  are  Joined  in  simple  aerlea;  (ft)  all  the  zinia  are  nnited, 
and  all  the  carbons  nnited ,  in  parallel  arc ;  (r)  when  the  cells 
are  arranged  two  abreast  (i.e.  in  two  files  of  ten  culls  eat^h); 
(d)  when  the  cells  are  arranged  f  oar  abreast. 

^ni.(n)l-6;  (b}D'149ri;  (c)  1-2;  (dj  0-T02  omiiBrB. 


604  ELECTRICITY  AND   MAGNETISM 


13.  With  the  same  battery  how  would  yo;i  arrange  the  cells 
in  order  to  telegraph  through  a  line  100  miles  long,  reckoning 
the  line  resistance  as  121^  ohms  per  mile  ? 

14.  Show  that,  if  we  have  a  battery  of  n  given  cells  each  of 
resistance  r  in  a  circuit  where  the  external  resistance  is  R,  the 
strength  of  the  current  will  be  a  maximum  when  the  cells  are 
coupled  up  in  a  certain  number  of  rows  equal  numerically  to 

yjnr  -t-  R. 

15.  Two  wires,  whose  separate  resistances  are  28  and  24, 
are  placed  in  parallel  in  a  circuit  so  that  4;he  current  divides, 
part  passing  tlirough  one,  part  through  the  other.  What 
resistance  do  they  offer  thus  to  the  current  ? 

Arts.  12'92  ohms, 

16.  Using  a  large  bichromate  cell  of  practically  no  internal 
resistance,  a  deflexion  of  9°  was  obtained  upon  a  tangent  gal- 
vanometer (also  of  small  resistance)  through  a  wire  whose 
resistance  was  known  to  be  435  ohms.  The  same  cell  gave  a 
deflexion  of  5*^  upon  the  same  galvanometer  when  a  wire  of 
unknown  resistance  was  substituted  in  the  circuit.  What  was 
the  unknown  resistance  ?  Ans,  790  ohms. 

17.  In  a  Wheatstone's  bridge,  in  which  resistances  of  10  and 
100  ohms  respectively  were  used  as  the  flxed  resistances,  a  wire 
whose  resistance  was  to  be  determined  was  placed :  its  resist- 
ance was  balanced  when  the  adjustable  coils  were  arranged  to 
throw  281  ohms  into  circuit.    What  was  its  resistance  ? 

Ans.  28*1  ohms. 

18.  Describe  the  method  of  using  a  metre  bridge  to  measure 
resistances. 

19.  Give  the  proof  of  Foster's  method  of  measuring  small 
differences  of  resistance  from  the  consideration  of  Ohm's  law. 

20.  To  find  the  voltage  of  a  dynamo  you  connect  to  its 
brushes  the  ends  of  a  German-silver  wire  120  feet  long,  wound 
on  an  insulating  cylinder,  and  find  that  when  one  terminal  of 
a  Daniell  cell  (105  volt)  is  joined  to  a  point  on  the  wire,  and 
the  other  terminal  in  series  with  a  galvanometer  is  connected 
to  another  point  1  ft.  from  the  first,  no  deflexion  is  observed. 
What  is  the  voltage  of  the  dynamo  ?  Ans.  126  volts. 

21.  A  battery  of  5  Leclanche  cells  was  connected  in  simple 
circuit  with  a  galvanometer  and  a  box  of  resistance  coils.  A 
deflexion  of  3JP  having  been  obtained  by  adjustment  of  the 
resistances,  it  was  found  that  the  introduction  of  150  addi- 
tional oh)ns  of  resistance  brought  down  the  deflexion  to  22°. 
Assuming  the  galvanometer  to  have  140  ohms  resistance,  find 
the  internal  resistance  of  the  battery.  Ans.  10  ohms. 

22.  How  are  standard  resistance  coils  wound,  and  why? 
What  materials  are  they  made  of,  and  why? 


I 


23.  Three  vory  small  Danlell's  cells  ^ve,  witli  a  sine  gal- 
Tanometer  (llselF  of  no  appreuinble  resistance),  a  reading  ot 
BT°.  On  throwioK  UO  ohma  into  the  rircuit  tlio  ealvanonietec 
reading  fell  tu  25".  Caluulate  the  iaternal  lesislance  of  the 
cells.  Arts.  6*6  ohms  each. 

IS  plunged  in  a,  tub  of 
ubarged.  fur  a  minute  from  a  battery  of  120 
Dauiell's  cells.  The  cable  was  then  discharged  thmusli  s.  long- 
coil  galvaDomotDr  with^a  needle  of  slow  swing.  The  first  swing 
was  40=.  A  condenser  whose  capacity  was  i  microfaraii  waa  theo 
similarly  i^harged  and  discharged;  bnt  this  time  the  Srstswing 
of  the  needie  was  only  14°.  What  was  the  capacity  of  the  pieoB 
ot  cable?  Ang.  093* micro/orod. 

35.  Using  an  absolute  electrometer,  Lord  Kelvin  found  the 
difference  of  potential  between  the  poles  of  a  Daniell'a  nail  to 
be  0-D0S74  etecCnuIaffc  units  (G.G.9.  system) .  The  ratio  of  tbe 
eleetrostatie  to  the  electromagnetic  nait  of  potential  ia  giTsn 
in  Art.  350,  being  =  l/v.  Tbe  volt  \b  defined  n^  10<  electromag- 
netic units.  From  these  data  calculate  the  E.M.F.  of  a  Danleirs 
cell  in  BolU.  Am.  I'lin  eolC. 

26.  The  milias  of  the  earth  Is  approximately  <I3  X  W  centi- 
iDBtrea.  Tbe  ratio  of  the  electroatatic  to  the  electromagnetio 
Dnit  of  capacity  is  given  In  Art.  359.  The  definition  o(  the 
/arad  is   given   In  Art.  354.      Calculate   the   capacity  of  the 


earth  (regarded  o^ 


Calculate  t 

micro/aradi. 

Aof.  700  microfarads  (neatly). 
27.  The  elect romotiTB-farce  of  a  Dnniell'a  cell  was  deter- 
mined by  the  following  process:  —  Five  newly-prepared  oells 
were  set  np  in  aeries  mth  a  tangent  galyanomater,  whose 
Constanta  were  found  by  measurement.  The  resistances  of  the 
ciiiinit  were  also  measured,  and  found  to  be  in  total  IS'9  ohms. 
Knowing  the  resistance  and  tbe  absolute  strength  of  carrsnt 
the  E.M.F.  could  be  calculated.  The  deflexion  obtained  was 
411°,  tbe  number  of  turns  of  wire  in  the  coil  10,  the  average 
radius  of  the  coila  11  centimetres,  and  tbe  value  of  the  hori- 
zontal component  of  the  earth'a  magnetism  at  the  place  was 
018  G.C.S.  uuita.    Deduce  the  E.M.F.  of  a  Daniell's  cell. 

Ant.  1'0(H7  X  10»  Q.C.8.  nnlts,  or  1-0647  Volt. 

38.  Apply  the  formula  of  the  ballistic  galvanometer  (Art. 
418,  b)  to  determine  the  number  of  magnetic  lines  cut  by  an 
exploring  coil  (Art.  36ti,  b)  whoo  the  magnetism  in  the  core 
on  which  it  is  wound  is  suddenly  reversal.  If  K  !s  tbe  resisC- 
BQCe  of  the  circuit,  Q  =  2IT/R.  Heiwe  tbe  answer  is  IT-^RT 
idn  la/Si's,  where  S  Is  the  numl>er  of  turns  in  tbe  exploring 

39.  Suppose  a  copper  disk  to  revoli 
a  fixed  coU  closely  anrruundlng  its 
with  the  coil  Is  a  small  battery  and 


field  produced  by 

e.     In  circuit 

wire.    In  the 
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wire  are  found  two  points  such  that  the  fall  of  potential  between 
them  is  equal  to  the  volts  generated  between  the  centre  and 
circumference  of  the  revolving  disk.  By  balancing  these  with 
a  galvanometer  Lorenz  was  able  to  calculate  in  absolute  meas- 
ure the  resistance  of  the  wire.  If  M  be  the  coefficient  of  mutual 
induction  between  the  circumference  of  the  disk  and  the  sur- 
rounding coil,  and  T  the  period  of  revolution  of  the  disk,  show 
that  R  the  resistance  between  the  points  =  M-r-  T. 

Ans.  Since  N  the  magnetic  flux  through  the  disk  =  MC, 
and  E  =  N/T,  and  C  =  E/R,  it  follows  that  CR  = 
MC/T,  whence  R  =  M/T.  q.k.d. 


QUESTIONS  ON  CHAPTER  VII 

1.  A  strong  battery-current  is  sent,  for  a  few  moments, 
through  a  bar  made  of  a  piece  of  antimony  soldered  to  a  piece 
of  bismuth.  The  battery  is  then  disconnected  from  the  wires 
and  they  are  joined  to  a  galvanometer  which  shows  a  de- 
flexion.   Explain  this  phenomenon. 

2.  A  long  strip  of  zinc  is  connected  to  a  galvanometer  by 
iron  wires.  One  junction  is  kept  in  ice,  the  other  is  plunged 
into  water  of  a  temperature  of  60°  C.  Calculate,  from  the  table 
given  in  Art.  422,  the  electromotive-force  which  is  producing 
the  current.  Ans.  690  microvolts. 

3.  When  heat  is  evolved  at  a  junction  of  two  metals  by  the 
passage  of  a  current,  how  would  you  distinguish  between  the 
heat  due  to  resistance  and  the  heat  due  to  the  Peltier  effect  ? 

4.  Lord  Kelvin  discovered  that  when  a  current  flows  through 
iron  it  absorbs  heat  when  it  flows  from  a  hot  point  to  a  cold 
point;  but  that  when  a  current  is  flowing  through  copper  it 
absorbs  heat  when  it  flows  from  a  cold  point  to  a  hot  point. 
From  these  two  facts,  and  from  the  general  law  that  energy 
tends  to  run  down  to  a  minimum,  deduce  which  way  a  current 
will  flow  round  a  circuit  made  of  two  half-rings  of  iron  and 
copper,  one  junction  of  which  is  heated  in  liot  water  and  the 
other  cooled  in  ice. 

5.  Give  a  curve  showing  the  increase  and  decrease  of  the 
thermo-electromotive-force  as  a  junction  of  iron  and  copper  is 
raised  from  0°  C.  to  400°  C,  and  explain  it  by  means  of  the 
thermo-electric  diagram  of  Professor  Tait. 


QUESTIONS  ON  CHAPTER  VIII 

1.  Calculate  by  Joule's  law  the  number  of  calories  developed 
in  a  wire  whose  resistance  is  4  ohms  when  a  steady  current  of 
0*14  ampere  is  passed  through  it  for  ten  minutes. 

Ans.  11*2  calories. 


PROBLEMS  AND   EXERCISES 


3.  Why  doaa  the  platinum  wire  in  a  Canlew  voltmeter, 
wliBU  3.  steady  voltage  U  appliad  ti)  ll,  rise  To  a  certain  tern- 
peraCilre  and  then  remain  at  that  teDinerattire  without  ultem- 
Hun? 

3.  Show  Irom  the  definitions  of  the  liorse-power  and  or  tlie 
watt,  and  tromthe  relations  between  the  pound  and  lie  gramme, 
the  loot  and  the  oentiiuetre,  that  there  are  T4li  watts  in  one 
horse-power. 


5.  Describe  the  Coi 
hnw  you  would  contiei 
an  elentric  motor. 

B,  Explain  why  it  is  ndvnntagenus  tn  distribnte  electiic 
energy  at  a  high  voltage.  There  is  already  laid  a.  copper  main 
baTlng  u  resistance  of  O'S  of  an  ofaiu  Along  which  it  is  desired  to 
transmit  1  kilo waltK,  and  tu  deliver  it  at  the  tar  etid  at  a  presHure 
of  100  volts.  Which  would  bo  the  more  efflcient  method  of  the 
two  falluwine,  to  send  40  amps,  at  an  initial  pressure  of  ISO  volts, 
or  to  Bend  a  current  at  a  procure  of  MX)  vults,  uslu);  a  Craus- 
foriner  with  an  eflicleacy  of  SB  per  cent  7 

ins.  The  latter  method  would,  have  an  ofiieiency  of  SI'S 
per  cent,  the  former  of  83'^  per  cent. 


S.  An  electric  motor  ia  supplied  at  a  pressure  of  100  volts: 
the  armature  resistance  is  001  ohin.  When  it  la  supplying  20 
borae-power,  what  ia  its  electrical  elllciency  7 

U.  Show  under  what  circumstances  an  electric  tuotur  is  most 
efficient. 

10.  Enumerate  the  principal  parts  of  an  arc  lamp. 

It.  Why  in  a  mntinnoua-cucreut  arc  lamp  is  the  current 
oiually  sent  downwards  rather  than  upwards? 

IS.  Why  doea  the  filament  of  an  incandescent  lamp  get 
better  than  the  platinum  leadlug-iii  wires? 

13.  Explain  by  a.  diagram  the  system  of  three-wire  dis- 
tribution; and  point  out  its  advantiige  over  a  two-wire  diatri- 
butiou. 

U. 


It  of  9  amperes  worked  an  electric  arc  light,  and 
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QUESTIONS  ON  CHAPTER  IX 

1.  The  reluctance  of  the  core  of  a  certain  transformer  is 
0*002.  Find  the  coefficient  of  mutual  induction  between  the 
primary^  and  secondary  coils  which  have  1000  and  50  tarns 
respectively,  assuming  no  magnetic  leakage. 

Ans.  0*628  henry. 

2.  A  battery  current  is  sent  through  the  primary  of  this 
transformer.  State  from  Lenz's  law  the  direction  (relatively 
to  this  current)  of  the  E.M.F.'s  induced  in  both  the  primary 
and  secondary,  (a)  when  the  current  is  starting,  (6)  when  it  is 
ceasing. 

3.  Foucault  set  the  heavy  bronze  wheel  of  his  gyroscope 
spinning  between  the  poles  of  a  powerful  electromagnet,  and 
found  that  the  wheel  grew  hot.  What  was  the  cause  of  tliis  ? 
Where  did  the  heat  come  from  ? 

4.  You  try  to  turn  a  copper  disk  between  the  poles  of  a 
magnet.  If  you  move  it  slowly  it  goes  ^uite  easily,  if  you  try 
to  move  it  quickly  it  resists.  Why  is  this?  What  is  the  force 
required  to  turn  it  proportional  to  ? 

5.  The  shunt  coil  of  a  certain  dynamo  has  a  resistance  of 
40  ohms.  It  is  switched  on  to  a  battery  of  accumulators  yield- 
ing 100  volts,  and  one^econd  afterwards  the  current  has  risen 
to  0*9825  of  an  ampere.  Find  the  coefficient  of  self-induction  of 
the  shunt  coil.    Assume  log  0*607  =  t-783  and  log  e  =  0*434. 

Ans.  80  henries. 

6.  If  a  battery  of  10  cells  each  of  1*4  volt  and  2  ohms 
resistance  be  applied  to  a  circuit  which  has  a  resistance  of  5 
ohms  and  inductance  0*1  henry,  find  what  modes  of  grouping 
the  cells  are  best  {a)  to  give  the  largest  steady  current,  (6)  to 
give  the  largest  current  at  the  end  of  rj^n  second,  (c)  to  give  the 
largest  amount  of  external  work  relatively  to  the  weight  of 
zinc  consumed. 

Alls,  (a)  5  in  series,  2  rows  in  parallel.    (6)  All  in  series. 
(c)  All  in  parallel. 


QUESTIONS  ON  CHAPTER  X 

1.  What  devices  are  employed  in  continuous  current  dy- 
namos to  obtain  (a)  a  current  continuously  in  one  direction, 
(6)  a  current  of  uniform  strength? 

2.  Apply  Fleming's  Rule  (Art.  226)  to  determine  which 
way  the  electromotive-forces  will  operate  in  a  ring  armature 


■jjpacdniB)  wound  rlEht-handedly  over  tbe  core  revi.lviDE  right- 

Hutiidedly  in  a  horiKuntal  maguetio  field  tauving  tbe  N  pole  on 

[the  right  baud. 

*  All*.  The  Induced  E.M.F.'s  tend  to  mako  tbe  currents 

climb,  in  bnth  the  aspeoding  and  descending  halves, 
toward  tbe  highest  point  uf  tlto  ting. 


3.  A  dynamo's  field  magnet  gives  a  llnv  of  1 
How  many  eundnctni^  innsi  there  he  oii  tlie  am: 
that  the  dynamo  may  genBrate  lOB  volts  when  dri 
of  (lOU  ravolntioDS  per  minute? 

engine  wliioh  will  drive  a  dynar 


,000,000  lines. 

fen  at  a  speed 
A/It.  120. 


a  fairly 
,e  the  dynamo 

„    _  It  lamps?     Hake 

if  all  tieoessary  cunuDidona,  iuoiuding 


(2,nt).  Let  a  =  140  and 
.  I  f.ir  I,  beginning  t  =  -0000 
of  a  HBcond,  iben  l  —  'WI,  Inking  20  differunt  values  until 
t  =  (11.  Fill  ill  the  values  111  the  above  eqnation  and  find  the 
correHpoiiiIlng  20  values  of  E.  Tlieii  plot  un  sr|iiaretl  paper 
taking  E  as  ordinate  and  I  as  aliecliiaii.-.  Tbe  reanlt  will  be  a 
curve  like  that  shown  in  Fig.  2B1. 

6.  Repeat  the  process  of  the  last  [luestinti,  taking  the  equa- 
tion C  ^  b  sin  (2rrn(-*),  where  6  =  20,  ii  =  100,  and  ♦  =  0-B 
radian.  Plot  the  results  upon  the  same  paper  as  the  curve  In 
the  last  equation  was  plotted.  Olio  onrve  represents  the  E.H.F. 
at  each  Instant,  the  other  the  lagging  current. 

T.  An  alternating  pressure  of  100  (victual)  volts  following 
a  sine  law  with  a  frequoury  of  100  per  second  is  applied  to  the 
ends  of  a  coil  having  a  resistance  of  S  iihnis  and  a  coelllclent  of 
self-induction  of  OiK)G  henry ;  find  tbe  current  that  will  flow  and 
the  angle  of  lag. 

Ans.  Current  —  ll'G  amperes ;  lag  —  22  degrees. 

8.  An  altematp-nurrent  r 
core  has  a  coll  of  ItiO  turns. 
of  OOOG  of  a  henry.     What  altematlnp  voltage  of  frequen^ 


S.  How  much  iwnsiancti  niuni.  ■ 
of  this  magnet  in  order  that  the  a 


it  with  the  coils 


10.  An  alternnte-enrrent  transformer  is  designed  to  give  out 

r lea  at  a  pressure  of  60  volts  at  its  secondary  terminals. 
windings  300  primary;   12  aecuudary.     Eeslstanoea  12 

9  B 
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ohms,  primary ;  0"014  ohm,  secondary.  Find  the  coefficient  of 
transformation,  and  the  volts  that  most  be  applied  at  the  pri- 
mary terminals. 

Ans.  Coefficient  of  transformation  is  25;  volts  at  pri- 
mary terminals  1283. 

11.  State  the  principles  upon  which  continuous-current  trans- 
formers are  made.  Why  is  it  necessary  to  have  a  moving  part 
in  continuous-current  transformers  and  not  in  alternate-current 
transformers  ? 

12.  Enumerate  three  distinct  kinds  of  alternate-current 
motors,  and  state  which  kind  is  synchronous  and  which  not. 

13.  An  alternate-current  synchronous  motor  is  supplied  from 
the  street  mains.  It  is  found  that  when  fully  loaded  it  takes 
more  current  than  when  lightly  loaded,  though  it  always  goes 
at  the  same  speed  and  the  volts  remain  constant.  Explam  how 
this  comes  about. 

14.  How  can  you  produce  a  rotatory  magnetic  field  ?  De- 
scribe some  of  its  properties. 

QUESTIONS  ON  CHAPTER  XI 

1.  It  is  found  that  a  single  DanielPs  cell  will  not  electrolyze 
acidulated  water,  however  big  it  may  be  made.  It  is  found,  on 
the  other  hand,  that  two  Daniell's  cells,  however  small,  will 
suffice  to  produce  continuous  electrolysis  of  acidulated  water. 
How  do  you  account  for  this  ? 

2.  From  the  table  of  electro-chemical  equivalents  (Art.  240) 
calculate  how  many  coulombs  it  will  take  to  deposit  one  grain 
of  the  following  metals: — Copper  (from  sulphate),  silver, 
nickel,  gold.  Ans.  Cu  3058,  Ag  891,  Ni  3286,  Au  1473. 

3.  A  battery  of  2  Grove  cells  in  series  yields  a  current  of  5 
amperes  for  2  hours ;  how  much  zinc  will  be  consumed,  assum- 
ing no  waste  ?  A  ns.  24-26. 

4.  Calculate  the  E.M.F.  of  a  Daniell  cell  from  considerations 
of  the  heat  value  of  the  combinations  which  take  place  and  the 
quantity  of  the  elements  consumed,  taking  the  heat  value  for 
zinc  in  sulphuric  acid  as  1670  and  that  for  copper  as  909*5. 

Ans.  1*11  volts. 

5.  Describe  the  construction  and  working  of  a  modem 
secondary  battery. 

6.  Most  liquids  which  conduct  electricity  are  decomposed 
(except  the  melted  metals)  in  the  act  of  conducting.  How  do 
you  account  for  the  fact  observed  by  Faraday  that  the  amount 
of  matter  transferred  through  the  liquid  and  deposited  on  the 
electrodes  is  proportional  to  the  amount  of  electricity  trans- 
ferred through  the  liquid  ? 
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QUESTIONS  ON  CHAPTER  Xn 

.  Sketch  nn  arrnneemEnt  by  which  a  BJiigle  lino  of  wire 
can  be  oaecl  by  an  iiiieratoc  at  either  eoi  Ui  sigiial  to  the 
other;  the  condition  of  workiog  being  Uiat  whenevet  you  are 
not  seucIiiiK  a.  tucsaage  ynuraelE  yiinr  inatrument  shaft  be  in 
■  b  the  line  wire,  anil  out  u/cireuit  with  the  battecy  at 


yonr 
WhB 


Me. 


WhealatuLie? 

Explain  the  use  and  cnnstruption  of  a  relay. 
_.  Show,  from  the  law  of  traction  (Art.  384),  Ihat  the  change 
of  attracting  force  resulting  ttom  a  diani/e  in  the  aauiber  of 
magnetic  lines  that  enter  an  armatnre  will  be  greater  if  the 
Bygtem  is  polarized  (i.e,  maguetixed  to  beijln  with)  than  If  it  is 
nou-polutiuxl. 

Ana.  Since  /aN*,  it  follows  that  f-\-df  will  be  propot- 
tional  to  {N  +  (fN)2.  Exjianding,  and  aubttaccing 
the  former,  and  neglecting  the  small  l«rm  ((2N)^,  we 
find  *■«  2N  ■  (IN ;  whidi  shows  that,  for  a  given  rfN, 

6.  It  ia  desirable  in  certain  casea  (duplex  and  qnadniplex 
slgnalliug)  to  arrange  telegraphic  iustnuuentii  so  that  they  will 
tegpond  only  to  uiurentB  which  come  in  one  direction  through 

6.  It  is  wished  to  make  a  sort  of  dnplei  telegraph  by  using 
one  set  of  instruments  that  work  with  continuous  currents, 
other  set  with  rapld^  alternating  currents,  at  the  same 
...3  on  the  same  line.  To  rarry  out  this  idea  there  intist  be 
mnd  (<J)  an  apparatus  which  will  let  eontinuima  currents 
ow  through  it,  bnt  will  ohnke  off  alternnte  currentBi  (A)  an 
BpparatDS  which  will  transmit  alternate  uiirrcnts,  but  cut  ofF 
coDtinoouB  cnrrents.    What  apparatus  n-ill  d'l  these  things? 

T.  A  battery  la  aet  up  at  one  station.  A  galvanometer 
needle  at  a  station  eighty  miles  away  is  deflected  thruu|{h  a 
Hirtein  number  of  degrees  when  the  wire  of  its  coil  makes 
e  turns  rnnnd  the  needle ;  wire  of  the  same  quality  being 
tor  both  line  and  galvanometer.  At  200  miles  the  same 
.  .  don  is  obtained  when  twenty-four  turns  are  used  In  the 
jUvBnom^ter-coil.     Show  by  calculation  (a)  that  the  internal 
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roBislance  of  the  battery  is  equal  to  that  of  40  mile 
liuB-wire;  (6)  that  to  produca  an  equal  liBfleiion  at  a 

3U0  milBB  diatant  the  number  o*  •■ '  —'"  '-  -■-- 

ometer'CoU  moat  be  40. 


la  of  wire  in  the  galvan- 


S.  Suppose  au  Atlantic  cable  to  snap  olT  abort  during  tho 

nicesa  o(  laying.      How  can  the  distanue  of  the  broken  end 
m  tbe  shore  end  be  asuertitiDed  ? 

9.  Suppose  the  copper  core  ol  a,  Biibniarlne  cable  to  part  at 
BoniB  point  in  the  middle  without  any  damage  being  done  to  the 
outer  sliealb  of  guttapercha.  How  could  thu  position  of  the 
fault  be  aacertuiucd  by  teats  made  at  tbe  shore  end  ? 


11.    UeM-ribe  a 


QUESTIONS  ON  CHAFfER  XIU 


of   Grnhnm    Bell 'a    telephoi 


of  a  circuit  iu  whiuh  t!  

electromotive-force. 

3.  Two  colls,  A  and  B,  of  flne  insulated  wire,  made  exactly 
alike,  and  of  tl^e  same  number  of  windings  in  each,  are  placed 

Xn  a  common  axis,  but  at  a  distance  of  ID  Inches  apavt. 
y  are  plajsed  iu  circuit  wiUi  one  another  and  witli  the  second- 
ary wire  of  a  aniall  induction-coil  of  Butmtkurff's  pattern,  the 
connexions  being  so  arranged  that  the  currents  run  round 
tbe  two  coils  in  opposite  directions.  A  third  coil  of  fine  wire, 
C,  has  its  two  ends  connected  with  a  Bell's  telephone,  to  which 
tbs  experimenter  llatcna  while  lie  places  this  third  coil  between 
the  other  two.  He  finds  that  when  C  is  exactly  midway  be- 
tween A  and  B  no  soiuiil  Is  audible  in  the  telephone,  though 
sounds  are  heard  If  C  is  nt^arer  to  either  A  or  B.  Explain 
the  oanse  of  tills.  Ha  alHo  tinila  tliat  if  a  bit  ol  iron  wire  is 
placed  in  A  silence  Is  not  obtained  Iu  the  telephone  uutll  G 
la  moved  to  a  poaitioii  nearer  1o  B  tlian  the  middle.  Why 
is  this?  Lastly,  he  tinds  that  if  a  disk  of  brasa,  copper,  or 
lead  is  interposed  betweuu  A  and  C.  tbe  position  of  silence 
for  C  Is  now  nearer  to  A  tlian  the  middle.  How  is  this 
explained  ? 
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QUESTIONS  ON  CHAPTER  XIV 

1.  What  apparatus  would  you  use  to  produce  electric  oscilla- 
tions ?  Show  how  you  would  operate  it,  and  explain  why  the 
oscillations  take  place. 

2.  Explain  how  electric  oscillations  in  a  condenser  circuit 
produce  electric  waves  in  the  surrounding  medium. 

3.  The  capacity  of  an  air-condenser  is  0*001  of  a  microfarad. 
It  is  charged  and  then  discharged  through  a  circuit  having  a 
self-induction  of  0*004  of  a  henrv  and  a  resistance  of  4  ohms. 
Find  the  frequency  of  the  vibration.  Ans.  n=  159,100. 

4.  Under  what  circumstances  do  oscillations  not  take  place 
when  a  condenser  is  discharged  ? 

5.  If  the  frequency  of  oscillation  of  a  Hertz  oscillator  is 
3,000,000  per  second,  find  the  length  of  the  waves  it  will  produce. 

Ana.  10,000  centimetres. 

6.  Explain  the  action  of  a  resonator. 

7.  Give  the  reasohs  which  exist  for  thinking  that  light  is  an 
electromagnetic  phenomenon. 

8.  How  is  the  action  of  magnetic  forces  upon  the  direction 
of  the  vibrations  of  light  shown?  and  what  is  the  difference 
between  ma^etic  and  diamagnetic  media  in  respect  of  their 
magneto-optic  properties  ? 

9.  It  was  announced  by  Willoughby  Smith  that  the  resist- 
ance of  selenium  is  less  when  exposed  to  light  than  in  the  dark. 
Describe  the  apparatus  you  would  employ  to  investigate  this 
phenomenon.  How  would  you  proceed  to  experiment  if  you 
wished  to  ascertain  whether  the  amount  of  electric  effect  was 
proportional  to  the  amount  of  illumination  ? 
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doetln  oipiiritr, «»,  «9e 
AD    nlbie   acid   producfid  by 

BpvkK.  81  n 
CtCB,  l^htT,  en  Btmaipberlc  elec- 

trldtr,  HS3 
Can,  roltalo,  IM 
flsUi,  cliuglllciitlOD  or,  IBD 


aij  Dfliendon  central  st 


^h^c 


(;iiemiau  n<;iinn«  in  tbg  bBItsiy,  ITS 

iiws  of,  ne,  240, 4es 

of  spark  dlsobarge,  818 
outside  tlie  ttatterv,  234,  m 
Cbemlul   lest  fbr  veat   camaU, 

Ohiioo8??l'oolri?,  48' 
ChuklnR-or>l]a,  4T4 
<!lioklnK  pfTect,  4811,  47B,  4T4 
Cbro.ulc  sulutlon,  1S3 
(ihrnTioj-raiih,  electric,  509 
Clamoad-a  tiemiDpllBB,  4UI 
Clark.  iMtimer,  his  sUndanl  mU, 
188,  and  ApjiflddliO 

CZomIhi,  fl,,  UiBorr  of  Eleelroljsla, 

Clearaee,  aleetriScatloti  by,  S9 
Cluck  dUwram,  41(1,  4:« 


(>oa  Permmbility) 
a^i&aUy) 


Cotumbnt,  OrUlofint,  ou  magnetla 


Camiuii  (lOHnetla),  Mariner'!,  E 
149 
error  due  to  Icm  ship,  14B 
Ooujioubd  Dlrenlt,  191,  M8,  *)» 
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Compound  dynamo,  465,  467 

magnets,  104 
Condensation,  56 
Condenser,  56,  294,  803 

capacity   of,   how   measured, 

418 
discharge  of,  826,  515 
in  alternate  circuit,  478,  474 
liquid,  492 

method  of  measuring  a  resist- 
ance, 411,  417 
standard,  808 
,     use  of,  229,  802 
Condensing  electroscope,  79 
Conductance,  402,  404 
Conduction,  7,  80, 171,  402,  404,  476 
by  liquids,  234,  404 
of  gases,  171,  822 
Conductivity,  171, 822,  846,  848,  402, 

404 
Conductor   cutting  lines,  225,  889, 

853,355 
Conductors  and  Non-conductors,  8, 

27,  30,  402  et  seq. 
Conductors  electrified  by  rubbing,  18 

opaque,  518 
Consequent  Poles,  117, 120,  882 
Constant-current  dynamos,  468 

voltage  dynamos,  467 
Contact  Electricity,  79,  168 
Series  of  metals,  80 
rings,  461 
of  surfaces,  12 
Continuous-alternate    transformers, 
483 
currents,  162 
current  dynamos,  468 
current  transformers,  482 
electrophorus,  26,  49 
Contraction  due  to  magnetism,  124 
Control  of  galvanometer,  209 
Convective  discharge,  312 
Convexion  of  electricity,  49,  812,  897 
currents,  397 

induction    machines  (see  In- 
fluence machines) 
streams  at  points,  38,  47,  274, 
329 
Cooking  by  electricity,  434 
Cooling  and  heating  of  junction  by 

current,  419 
"Corkscrew  Rule,"  198 
Cost  of  power  derived    from   elec- 
tricity, 440 
Coulomb,  Torsion  Balance,  18, 132 
Law  of  Inverse  Squares,  19, 
129,  132,  261,  270 


Coulomb  on  distribution  of  charge, 

38  278 
Coulomb,  the,  162,  854 

how  many  electrostatic  Tmits, 
262  {footnote) 
Couple,  magnetic,  186 
Coupling  of  alternators,  479 
Creeping,  stopped  by  paraffin,  188 

m^netic,  368 
CrookeSf  WiUiam^  on  shadows  in 
electric  discharge,  821 
on   repulsion    from    negative 
electrode,  827 
Crown  of  cups,  165 
CruickshanJe's  Trough  Battery,  180 
Crystallization,  69 
Crystals,  electricity  of,  74,  75 

dielectric  properties  of,  297 
magnetism  of,  878 
Cumming,  James,  invents  galvan- 
ometer, 200 
thermo-electric  inversion,  428 
Cuneus^  discovery  of  Leyden  jar,  60 
Curbing  telegraphic  signals,  8(ni 
Current,  efiTects  due  to,  167 
Electricity,  162 
strength  of,  171, 190 

unit  of,  162.  207 
Current,  is  the  magnetic  whirl,  202 
balance,  896,  and  Appendix  B 
sheets,  410 
Currents,  very  large,  measurement 

of,  412 
Curvature    aflTects    surfitce-density, 

88,  274 
Curve-tracer,  368 
Curves,    magnetic   (see    Magnetic 

Figures) 
Curves  of  magnetization,  864 

characteristic  of  dynamos,  466 
Cuthbertson,    John,    his     electric 

machine,  41 
Cycles  of  magnetization,  868 

of  alternate  currents,  470 
Cylinder  Electrical  machine,  42 

Daily  variations  of  compass,  156 
Dalibard*s  lightning-rod,  829 
Damping  galvanometers,  219 
Darnell  John  F.,  his  cell,  181, 184 
D'Arsonval.  pulvanometers,  216 
Davy's  {MariA)  Battery,  198 
Davy,  Sir    Humphry,  magnetiza- 
tion by  current,  881 
discovers  electric  light,  448 
electrolyses    caustic   alkalies, 
490  (c) 
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De  HtUdat,  magnetic  writing,  122 
JDe  la  Rive's  Floating  Battery,  205 
De  la  Eue,  Chloride  of  Silver  Battery, 
186,  813 

on  electrotyping,  495 

on  length  of  spark,  318 
Dead-beat  galvanometers,  219 
Declination,  Magnetic,  151 

variations  of,  151,  155 
Decomposition  of  water,  235 

of  alkalies,  490(0) 
De-electriflcation  by  flame,  314 
Deflexions,  method  of,  131,  136 
Deflexion  of  galvanometer,  210 
DeUmann'' 8  electrometer,  286 
Demagnetize,  how  to,  368 
Density  (surface)  of  charge,  88,  278, 

magnetic,  134,  837 
Depolarization,  mechanical,  180 

chemical,  180,  182,  188 

electro-chemical,  180,  181 
Deposition  of  metals,  494 
Deviation  of  compass,  149 
Dewar^  James,  on  currents  gen- 
erated by  light  in  the  eye, 
257 

his  capillary  electrometer,  258 

magnetic  properties  of  iron  at 
200°,  111 

oxygen,  magnetic,  370 
Dewar  and  Fleming^  resistance  at 

low  temperature,  404 
Diagram,  thermo-electric,  424 
Dial  bridge,  415 
Diamagnetic  polarity,  869 
Diamagnetism,  94,  869 

of  flames,  374 

of  gases,  370,  874 
Diaphragm  currents,  254 
Dielectric  capacity,  295  to  299 

capacity,  eflbct  on  intensity  of 
field,  262,  298 

coeflicient,  283,  517 

strength,  815 
Dielectrics,  10,  25,  57,  295 
Difference  of  potential,  265 

magnetic  potential,  837 
Different^  galvanometer,  217,  411 
Dimensions  of  units,  356 
Di-phase  currents,  485 
Dip,  or  Inclination,  152 

variation  of,  155 
Diplex  signalling,  503 
Dipping  Needle,  152 
"Direct"  and   "inverse"  current, 

228 
Direction  of  induced  E.M.F.,  226^450 


Discharge  affected  by  magnet,  822 

brush,  319,  324 

by  evaporation,  251 

by  flame,  8,  314 

by  points,  47,  819,  329 

by  water  dropping,  334 

conductive,  310 

convective,  47,  312 

disruptive,  311 

efifects  of,  47,  315,  316,  317 

glow,  319,  329  (footnote) 

limit  of,  273 

oscillatory,  515 

sensitive  state  of,  322 

striated,  320 

through  gas  at  low  voltage, 
322 

velocity  of,  323 
Discharger,  Discharging-tongs,  59 

Universal,  62 
Disk  armature,  463 
Displacement,  electric,  57 

currents,  516 
Disruption,  electrification  by,  68 
Dissectible  Leyden  jar,  63 
Dissipation  of  Charge,  826 
Dissociated  gases  conduct,  822 
Distillation,  electric,  251 
Distribution  of  Electricity,  31  to  88, 
273,  274 

of  Magnetism,  117,  134 
Distribution  by  transformers,  480 
Distribution  of  energy,  440 
Distortion  of  dynamo-field,  463 
Divided  circuits,  409 

Touch,  101 
Dolbear,  A.  E.^  his  telephone,  299, 

510 
Doubler,  the,  26,  49 
Double  refraction  by  electric  stress, 

524,  525 
Double  Touch,  102 
Dreh-strom,  485 

Drop  of  voltage  in  mains,  412,  447 
Dry  cells,  184,  189,  193 
Dry-Pile,  193,  291 
Du  Bois,  limit  of  magnetization,  868 

measurement  of  permeability, 
806 
Dttboscq,  Jules,  his  lamp,  449 
Du  Fay's  experiments,  5,  80 
Duplex  Telegraphy,  802,  508 
Duration  of  Spark,  323 
Dust,  allaying,  54 
Duter  on  Electric  Expansion,  800 
Dynamic   Electricity  (see    Current 
Electricity) 
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Dynamos,  461 

as  motors,  443,  468 
Dynamometer,  894 
Dyne,  the  (unit  of  force),  281 

Earth,  the,  a  magnet,  95 

currents,  802 

electrostatic  capacity  of,  808 

intensity  of  magnetization,  865 

magnetic    force    in    absolute 
units,  861 

used  as  return  \\ire,  497 
Earth's  magnetism  (see  Terrestrial 

Magnetism) 
Earth,  potential,  269 
Ebert,  H.,  on  oscillations,  522 
Kddy-currents,  457,  477,  486 
Edison,     Thomas    Alva,     electric 
lamp,  452 

carbon  telephone,  511 

meter  for  currents,  244,  442 

qnadruplex  telegraphy,  508 
Edlund  on  galvanic  expansion,  249 
Eel,  electric  (Gymnotus),  76 
Efficiency  of  transmission,  447 

of  dynamos,  464 

of  motors,  445 

of  transformers,  481 
Electric  Air-Thermometer,  817 

Cage,  37 

Candle,  451 

Clocks,  509 

Displacement,  57 

Distillation,  251 

Egg,  the,  282,  820 

Expansion,  800 

Field,  18,  16,  20,  22,  24,  262, 
279,  299,  524,  525 

Force,  169  {footnote),  266 

(Frictional)  inachitics,  42 

Fuze,  316,  429,  432 

Images,  275 

Kite,  329 

Light,  448 

Lines  of  Force,  18, 16,  20,  22, 
24,  299 

Mill  or  Fly,  47 

Oscillations,  515 

Osmose,  250 

Pistol,  316 

Shadows,  321 

Shock,  254 

Stress,  13,  16,  20,  22,  24,  aS, 
279 

Waves,  515 

Wind,  47,  324 
Electrics,  2 


Electricity,  theories  of,  7.  827 

word  first  used,  2  (footnote) 
Electro-capillary  phenomena,  258 
Electro-chemical  DepolarizatioD,  180 

equivalents,  240,  489 

power  of  metals,  489 
Electro-chemistry,  487 

deposition,  494 
Electrodes,  286 

unpolarizable,  257 
Electrodynamics,  889 
Electrodynamometer,  894 
Electrolysis,  287,  487 

in  discharge,  822 

laws  of,  240, 490 

of  copper  sulphate,  288 

ofwater,  286,  487 

theory  of,  491 
Electrolytes,  286,  487 
Electrolytic  condenser,  492 

convexion,  491 
Electromagnet,     alternate    current, 

477 
Electromagnets,  107,  881 

laws  of,  880 

calculations  for,  875,  876  (and 
see  p.  595) 
Electromagnetic   engines  (see    Mo- 
tors) 
Electromagnetic    systems,    law    of, 
204,  879 

system  of  units,  862 

theory  of  Light,  617 

waves,  515 
Electromagnetics,  887 
Electromagnetism,  887 
Electrometallurgy,  494 
Electrometer,  absolute,  287 

attracted-disk,  287 

capillary,  253,  292 

J)ellmdnn*s,  286 

Peltier's,  286,  83^ 

portable,  287 

quadrant  {L<yrd  Kevin's),  288 

repulsion,  286 

torsion,  18 

trap-door,  287 
Electromotive-force,  169,  487 

induced,  222 

measurement  of,  416 

unit  of,  354 
Electromotive  intensity,  266,  288 
Electromotors,  443,  484 
Electro-Optics,  524 
Electrophorus,  26 

continuous,  26,  49 
Electroplating,  496 
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Electroplating,  dynamos  for,  462 
Electroscopes,  14 

Sennet's  gold-leaf,  16,  28 

Bohnenberger'8, 16,  291 

Fechner'8,  291 

Gilberfs  straw-needle,  16 

Hankel'8,  291 

ffenley*8  quadrant,  17 

Pith-ball,  8,  4 

VdUa*8  condensing,  79 
Electroscopic  powders,  81,  47,  299, 

324 
Electrostatic  Optical  Stress,  525 

voltmeter,  290 
Electrostatics,  8,  259 
Electrotyping,  495 
Element  of  Current,  844 
Elwell- Parker  alternator,  478 
End-on  method,  138 
Energy,  1,  64 

of  magnetic  field,  202 

of  chaise  of  Leyden  jar,  805 

of  electric  current,  485 

paths,  518 

points  in   circuit  where  it  is 
lost  or  gained,  248,  486 

supply  and  measurement  of, 
485 
Equator,  Magnetic,  86 
Equipotential  surfaces,  267 

magnetic,  837  (f) 
Equivalents,  electro-chemical,  240 
Erg,  the  (unit  of  work),  281 
Ether,  1,  7,  64,  517 
Evaporation  produces  electrification, 

discharge  by,  251 
Everett,  James  JD.,  on  atmospheric 
electricity,  884 
on   exact  reading   of  galvan- 
ometer, 214  {footnote^ 
on  intensitv  of  magnetization 
of  earth,  865 
Etoingt  James  A.,  on  limit  of  mag- 
netization, 863 
curves  of  magnetization,  864 
^eory  of  magnetism,  127 
Exchanges,  telephone,  513 
Excitation  of  Field-magnets,  465 
Exciting  power,  877 
Expansion,  electric,  800,  525 
Extra-current,  459 

FAiLtTRE  and  exhaustion  of  bat- 
teries, 172 

Fall  of  potential  along  a  wire,  289, 
412 


Farad,  the  (unit  of  capacity),  808, 854 
Faraday, Michael^  molecular  theory 
of  electricity,  7 
chemical  theory  of  cell,  178 
dark  discharge,  319 
diamagnetism,  869,  373,  874 
discovered  inductive  capacity, 

25,  296,  298 
discovery  of    magneto-induc- 
tion, 222 
Disk  machine,  227 
electromagnetic  rotation,  393 
experiment  on   dielectric  po- 
larization, 299 
gauze-bag  experiment,  34 
hollow-cube  experiment,  34 
ice-pail  experiment,  87 
laws  of  electrolysis,  240,  242 
length  of  spark,  813 
Magnetic  lines-of-force,  119 
magnetism  in  crystals,  873 
on  Arago'8  rotations,  467 
on  dissipation  of  charge,  314 
on  electrodynamics,  892 
on  identity  of  different  kinds 

of  electricity,  246,  246,  816 
predicted    retardation    in    ca- 
bles, 801 
Ring,  228 
rotation  of  plane  of.  polarized 

light,  526 
voltameter,  242 
Faure^  CamUle,  his  Secondary  Bat- 
tery, 492 
Favre^s    experiments   on   heat    of 

currents,  428 
Fechner''8  electroscope,  291 
Feddersen,   fT.,  on  electric  oscilla- 
tions, 514 
Feeders,  440 

Ferromagnetic  substances,  869 
Field,  electric,  13,  16,  20,  22,  24,  262, 
279  299  526 
magnetic,  115, 202, 337, 462, 526 
Field-magnet,  462 
Field-magn6t8,  excitation  of,  465 
Field-plate,  50 

Figures,   magnetic   (see    Magnetic 
Figures) 
electric,  81,  299,  824 
Filament  of  incandescent  lamps,  462 
Filings  for  mapping  fields,  121 
Fire  of  St.  Elmo,  329  (footnote) 
Flame,  currents  of,  314 

diamagnetism  of,  374 
discharge  by,  8,  814 
produces  electrification,  70 
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"  Flashing  "  filaments,  462 
Fleming  and  Dewnr,  resistance  at 

low  temperature,  404 
Fleming,  John  Ambrose,  his  Bat- 
tery, 198 
rule  as  t^  direction  of  E.M.F., 
226 
Flux,  magnetic,  142,  387,  363,  877 

density,  868  (footnote) 
Fontana  on  electnc  expansion,  300 
Force,  electric,  169  (footnote),  266, 
276,  277 
electromotive  (see  Electromo- 
tive force) 
magnetic,  91,  169  (footnote), 

near  a  straight  conductor,  207, 

843 
on  conductor  in  field,  340,  341 
Form,  eflbct  of,  on  retentivity,  98 

on  lifting  power,  114 
"Forming"  accumulator  plates,  492 
Foster^  George  Carey,  his  evalua- 
tion of  ohm,  85S 
method  of  testing,  415 
Foucault,    JAon,     his     llegulator 
Lamp,  449 
Interrupter,  229 
Foucault-currents    (see    Eddy-cur- 
rents) 
Franklin,  Benjamin,  discovered  ac- 
ti(»n  of  points,  mentioned  in, 
3S  (C),  47,  329 
cascade  arrangement  of  Ley- 
den  jars,  809 
Electric  chimes,  47 
Electnc  kite,  829 
Electric  jiortraits,  317 
his  charged  i)ane  of  glass,  55 
invents  lightning  conductors, 

829,  332 
kills  turkey  by  electric  shock, 

254 
One-fiuid    theory    of    electri- 
city, 7 
on  scat  of  charge,  63 
theory  of  the  aurora,  336 
Frankfort,    transmission    of    power 

to,  447,  4s5  (  footnote) 
"  Free  "  electricity,  2^,  79  {footnote) 
Frequency,  470,  476 

of  oscillations,  515,  520 
Friction  produces  elcctriticution,  2, 12 
Frog's  legs,  (Contractions  of,  16;i,  255 
Frolich,  Otto,  on  electromagnet,  8i>0 
Froments  motor,  443 
Fuel,  zinc  as,  166 


Fuses,  816,  429,  482 
Fusing  of  wires,  429 


"  G  "  of  galvanometer,  218 
Galvani,  Aloysiua,  observed  moye- 
ments  of  frog's  leg,  163 
on  preparation  of  frog's  limbs, 

255 
on  Animal  Electricitv,  257 
Galvanic  Batteries  (see  Voltaic  Bat- 
teries) 
Electricity  (see  Current  Elec- 
tricity) 
Taste,  254 
Galvanism    (see    Current    Electri- 
city) 
Galvanometer,  208 
absolute,  218 
astatic,  211,  215 
ballistic,  218,  418 
constant  of,  213 
damping  of,  219 
D'ArsonvaVa,  216 
dead  beat,  219 
difl'erential,  217,  411 
Du  Hois  Eeymcmd's,  267 
reflecting  {Lord  Kdvin'8\  or 

mirror,  216 
sine,  214 
tangent,  212 

Von  HelmhoUz's,  212  {foot- 
note) 
Galvanoplastic  (see  Electrotyping) 
Galvanoscope,  199 
Gas  Battery,  493 
Gases,  dissociated,  conduct,  822 
resistance  of,  171,  814,  822 
Gassiot,  J.  P.,  on  striae,  822,  827 
Gaugain,  Jean  MotMe, 

on  Pyroelectricity,  74 
Tangent    Galvanometer,    212 
(footnote) 
Gauss,    C.   F.,   invented    absolute 
measurement,  852 
magnetic  force  of  the  earth, 

361 
magnetic  observations,  866 
on  magnetic  shell,  ;348 
Gay-Lussac,  on  atmospheric  elec- 
tricity, 384 
Geissler's  tubes,  320 
Generators  of  alternate  currents,  478 

continuous  currents,  468 
Gernez  on  electric  distillation,  251 
Gibson  and  Barclay  on  dielectric 
capacity  of  parattin,  297 


The  Jfurabfirs  refer  to  (Ae 
'    gUben,    Dr.    WVHam,    dlaoorei 
dbomered'  ougnijljii  reacttac 
dlscumrs  th»t  the  earth  is 


I 


1  de-elocEH^lng   power  uf 

uA  magnetic  aubstuiceB.  92 
on  mvnelJii  I>ermiabll1ty,  97 
on  muLhoda  urniBgnellnatloD, 
1U5.  lue 

aiBBB,  n  euDduEtor  wli.n  hot.  81 

OLuhiUw  lightning.  381 

aittw  DlKifiuTto,  aie,  SM  (Jbotnote) 

aulil-lenr  ElMtmUMpD  {ten  EltetTO- 

Gordon,  jTe.  hi,  aa  macnoto-opUo 

on   dJeLedlrio    ra^ly.    MI, 

Bnaime,   Zat^    TklophUe,    hla 


m  (fiiolnoU) 
Sray,  Sfspfien,  dluorurs  condoc- 


BlOB-lKd'oa.  453 
Qrovi^   Sir   WHUobi  S.,  hh 

Bltlary,  tm 
Orovt't  BMtBry,  1B2 

OD  electric  property  of  Of 

ird-ring,  Ou>nl-p1at«,  SIS,  33 
■rlct<,    Olto    Don,    dlHon 

IflTenta  eletitrle  mnchlnD.  i 
DbflorveA  electric  ipirlu,  1 
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Qunpowdar  OiTd  hy  eloclrldty.  818. 

an,  432 
Outhrie,  rrtdaiei,  emwl  of  beat 

heating  of  lulkodo  Id  nnter. 

GymnotuB  (electric  eel),  It,  Ut 

Half  defleiinn  method.  4IT 
Ball.  Edward  H..  hia  eir«iit,  39T 
aiiiiief,   miAcIn  O.,  his  eleetro- 
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its,  tS2,  420, 

duVto  iDngnetlistlon.  121.  8SS 

dlelect^o  stnju.  2»9 
local.  It  eleclrudes,  491 
Memltide,  Oliver,  nincbinoe,  SIB 
l/Ool«ole) 
on  energy  pslha.  fil3 
on  iiuailruplex  Wli^raphy,  4»I 
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Jenkint  FUeming,  on  cable  as  con- 
denser, 801 
on  retardation  in  cables,  323 
Joints  in  magnetic  circalt,  37a 
iTottte,  James  Prescott,  on  effects  of 
magnetization,  124 
evaluation  of  ohm,  358 
Law  of  heat  of  current,  427, 

489 
limit  of  magnetization,  868 
magnetic  circuit,  875 
Mechanical  equivalent  of  heat, 

489,488 
on     atmospheric     electricity, 

888 
on   lifting-power    of   electro- 
magnet, 884 
JotUe  effect,  420 
Joule,  the,  854,  489 

Kapp,  Oisbbbt,  on  magnetic  circuit, 

877 
Kathode,  170,  286 
Kathodic  "  rays,"  321 
Ration,  289, 491 
Keeper,  108 

Kelvin,  Lord  (Sir  William  Thom- 
son) 
Attracted-disk    Electrometer, 

79,  287 
Compass,  149 
Current  Balances,  896 
Divided  ring  Electrometer,  79 
Electric    convexion    of   heat 

(Thomson  effect),  424 
Evaluation  of  ohm,  858 

Modified  Danieirs  ceU,  187 
on  atmospheric  electricity,  383 
on  electric  images,  275 
on   electrostatics,  287   {foot- 
note) 
on  length  of  spark,  318 
on  nomenclature  of  magnetic 

poles,  89  {footnote) 
on  sounds  in  condensers,  299 
predicts   electric   oscillations, 

615 
proof  of  contact    electricity, 

79 
Quadrant  Electrometer,  288 
Replenisher  (or  Mouse  Mill), 

49,  287,  288 
Thermo-electric  diagram,  424 
Water-dropping  Collector,  834 
Kerr,  Dr.  John,  Electro-optic  dis- 
coveries, 800,  525 

2b 


Kerr,  Dr.  John,  Magneto-optic  dis- 
coveries, 125,  866,  527 
Kerr's  effect,  527 

Kinnersley,  Elijah,  Electric  Ther- 
mometer, 317 
Kirchhoff,      Oustav,      Laws      of 

Branched  Circuits,  409 
Kite,  the  electric,  329 
Kohlrausch,  Friederich,  on  resid- 
«         ual  charge,  299 

on  electro-chemical  equivalent, 

240 
on  evaluation  of  ohm,  358 
Kundt,  August,  his  effect,  528 


Lag  and  lead,  472 

Lagging  of  magnetization,  368 

Lamellar  magnetization,  118 

Laminated  magnets,  104 

Lamination  of  cores,  457, 468, 477, 480 

Lamps,  arc,  449 

Lamps,  incandescent,  452 

Langley,  S.  P.,  his  bolometer,  404 

Law,  cell,  180 

Laws  of  electrolysis,  490 

of  inverse    squares,   19,  129, 
148,  261,  270 

of   electro-magnetic    system, 
204,  879 
Lead,  used  in  accumulators,  492 

no  Thomson-effect  in,  424 
Lead  and  lag,  in  phase,  472 
Lead  of  brushes,  463 
Leakage,  magnetic,  377 

photoelectric,  i^l 

rate  of  electric,  826 
Le  BailUff,  diamagnetism,  369 
Leclanche,  Georges,  his  cell,  184 
Lemonnier  discovers    atmospheric 

electricity,  883 
Lenard,  Philipp,  aluminium  "  win- 
dow," 821 
Length  of  spark,  818 
Lenz's.lAw,  456 
Lenz  on  electromagnet,  880 
Leyden  jar,  55 

prevention  of  piercing  spark, 
62 

oscillatory  discharge  of,  515 

resonance  between  two,  517 

seat  of  charpe  in,  68 
Leyden 8  (see  Coiulensers) 
Lichtenherg" s  ftfrtires,  324 
Life  of  Lamps,  452 
Lifting-power  of  magnets,  118,  114 

01  electromagnets,  884 
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Light  affecte  resistance,  529 
affects  a  magnet,  d24 
Electric,  488 
Electromagnetie  theory  of^  1, 

518 
polarized,  rotated  by  magnet, 

125,  526,  527,  528 
velocity  of;  850,  518 
Lightning,  11,829,831 
L^htning  conductors,  35,  332       » 
duration  of,  323,  331 
best   methods    of    protection 
from,  332 
Limit  of  heating  of  electromagnet, 
386 
magnetization,  363 
lines-of-force,  electric,  18, 16,  20,  22, 
24,268 
magnetic,  96,  119,337 
Line-integral,  341  (footnote) 
Lippmann,   O.,  Capillary  Electro- 
meter, 253,  292 
Liquids  as  conductors,  234,  490,  518 

resistance  of;  408,  404 
Liquid  condensers,  492 
"  Local  AcUon  "  in  batteries,  178 
Locomotion,  electric,  446 
Lodestone,  84 

Lodge^  Oliver^  on  resonance,  517 
his  oscillator,  521 
his  detector  or  coherer,  621 
London,   city   of.    Central   Station, 

478 
"  Long  "  and  *'  short "  coils  for  mag- 
nets, 386 
Long  and   short  coll   instruments, 

4US 
Lorenz,  L.,  on  evaluation  of  ohm, 

858 
LosH  of  rharpre,  826,  581 
Louis  XV.  electrifies  700  monks,  254 
LuUin'8  experiment,  315 
Luminous  effects  of  spark,  318 

Machine,  Electric,  42 

alternate-current,  478 

cylinder,  42 

dvnamo-electric,  461 

^oltz'8,  58 

hydro-electrical,  48 

influence,  49 

magneto-electric,  461 

plate,  48 

Toe  pier's  or  Voss,  51 

Wimshurst,  52 

Winter' H,  43 
Magne-crystallic  action,  878 


Magnet,  breaking  a,  116 

Magnets,  natural  and  artificia],  84, 

85 
Magnetic   actions   of  current,   195, 

838,889 
attraction  and  repulsion,  88, 

121,  889 
cage,  97 
creeping,  368 
Magnetic  circuit,  375 

fiekl,  115,  202,  889 

*'     rotatory,  485,  486 
figures,  119,  120, 121,  202,  889 

"        theory  of,  142 
flux,  337,  377 

flux  density,  363  {footnote) 
force,  91,  337  (a) 

"      measurement  of;  180 
hysteresis,  367,  368,  464 
Induction,  96,  863  {footnote) 
iron-ore,  84 
hig,  aUeged,  368 
lines-of-force,  96,  119, 120,  121, 

849,  362,  373,  877,  389,  464 
lines-of-force  of  current,  802, 

889 
maps,  154 
meridian,  151 
metals,  98, 862,  869 
model  {Evjing'a)^  127 
moment,  185,  846, 361 
needle,  87,  149 

oxide  of  h-on,  84,  183  {foot- 
note) 
paradox,  a,  143 

permeability,  96,  368,  866,  518 
pole,  unit,  141,  852 
potential,  887,  847,  848 
proof-plane,  232 
saturation,  112,  868 

"         Beetz,  on,  126 
screen  97 
shell,  ilS,  203,  887  (fe),  348 

"     force  due  to,  845 

"     potential  due  to,  848 
storms,  158,  886 
substances,  92,  862,  369 
susceptibility,  366 
units,  852 
writing,  122 
Magnetism,  84 

action  of,  on  light,  125, 126 

destruction  of,  109 

distribution  of,  117 

lamellar,  US 

laws  of,  89,  128,  887 

of  gases,  870,  874 
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UiCiubnneier,  13T 
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Milli-ampore,  854 

Mimosa,  tne  electric  behaviour  of,  256 

Minotto's  cell,  187 

Mirror  Galvanometer,  215 

Molecular  action  of  magnetism,  126 

actions  of  current,  249 

theory  of  Electric  action,  7 
Moment  of  Couple,  186 
Moment  of  circular  coil,  846 

of  inertia,  861 

magnetic,  185,  861 
Morse,  Samuel  F.  B.,  his  Telegraph 

instrument,  499 
Morse  Alphabets,  the,  499a 
Mordey's  alternator,  478 
Motion,  law  of,  in  magnetic  field, 

204,879 
Motor-dynamos,  482 
Motors,  448 

alternate-current,  484 
MotUton,  John  Fletcher,  on  sensi- 
tive state,  322 
Mouse-mill  (see  Replenisher) 
MUUer,  Johannes,  on  strength  of 

electromagnets,  880 
Multicellular  voltmeter,  290 
Multiplier,  Schweigger's,  200 
Muscular  contractions,  255,  257 
Afusschenbroek,    Peter    van,   dis- 
covery of  Leyden  jar,  60 

on  Magnetic  Figures,  121 
Mutual  induction,  454 

potential,  851 

Napoleon  IIVs  cell,  198 
Navigation,  electric,  448 
Needle,  magnetic,  87 
telegraph,  498 
Negative  electrification,  5,  827 
Network  mains,  440 
Neutralizing  brush,  50 
Newton,   Sir   Isaac,    observations 
on  action  and  reaction,  91 
his  lodostone,  114 
suggests     electric     origin    of 

lightning,  11,  329 
suggests     glass     for    electric 
machines,  41 
Niagara  Falls,  transmission  of  power 

from,  447 
Niaudet,  Alfred,  his  cell,  184 
Nickel,  93,  SU 

Nobili,  Leopoldo,  on  muscular  con- 
tractions, 76 
on  currents    of  animal    elec- 
tricity, 257 
discovers  Nobili' s  rings,  490 


Non-conductors,  10,  405 

Non-electrics,  8 

North  and  south,  89,  150 

magnetic  pole,  the,  89, 150 
Null  methods,  210,  289,  411  (c),  418. 
416  (6),  417  (e),  418  (d) 

Obliqur  currents,  laws  of,  890 
Oersted,  Hans  Christian,  discovers 
magnetic  action  of  current, 
195,  196,  202 
Ohm,  Dr.  Georg  Simon,  190 
"Ohm's  Law,"  191,399 
Ohm,  the,  854,  and  Appendix  B 

evaluation  of,  858 
Oil,  dielectric  strength  of,  815 
One-fluid  theory  of  electricity,  7 
Opposition  method,  417 
Optical  strain,  electrostatic,  525 

rotation,  electromagnetic,  526, 
527,  528 
Oscillations,  electric,  882,  515 

method  of  (in  galvanometry), 

210 
method  of  (for  electrostatics), 

188  (fodtnote) 
method  of  (for  magnetic  mea- 
surement), 188,  184,  861 
Oscillator,  520,  522 
Osmose,  electric,  250 
Other  sources  of  electriflcation  than 

fi-iction,  12,  65 
Output  of  dynamo,  464 
Over-compounding,  467 
Overhead  line  for  tramcars,  446 
Oxygen,  magnetic,  370 
Ozone,  237,  316,  329  (footnote) 

Paclvottps  armature,  468 
Page,  Charles  O.,  discovers  mag- 
netic sounds,  124 
Parallel,  capacities  in,  807 

cells  in,  168,  406 

circuits,  laws  of,  390 

lamps  in,  453 

resistances  in,  409 

running  of  alternators,  479 
Paramagnetic  bodies,  369 
"  Passive  "  state  of  iron,  188 
Patliological  dose  of  current,  258 
Peace,  on  length  of  spark,  818 
Piclet,  electrification  by  rubbing,  73 
Peltier,  Athanase,  his  electrometer, 
286,334 

heating  effect  at  junctions,  420 

theory  of  thunderstorms,  880 
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Peltier  effect,  420 

Penetrative  power  of  discharge,  816 
Periodic  current,  470 
Periodicity     (see     Frequency)    of 
aurora  and  magnetic  storms, 
168,  159,  386 
Permeability,  96,  368,  618 

measurement  of,  366 
Perry t  John,  his  meter,  442 
Persistence  (see  Timeconstanf) 
Phase,  470,  472 

Phosphorescence     caused     by   dis- 
charge, 820,  821 
Photo-chemical  excitation,  680 
Photographic  plate  affected  by  dis- 

cnai^e,  824 
Photophone,  529 
Photo-voltaic  property  of  selenium, 

529 
Physiological  actions,  264,  826 
Piercing  glass,  prevention  of,  62 
Plezo-electricity,  76 
Plane,  the  proof-,  82 

"  for  magnetism,  282 

Plants,  Gaston,  secondary  cells,  492 

globular  lightning,  ^31 
Plants,  electricity  of,  77,  256 
Plate  condenser,  56,  296,  804 

electrical  machine,  48 
Platinoid,  404 
PlUcker,  Julius,  on  diamagnetlsm, 

etc.,  870,  878 
Poggendorff,  J.  C.,  his  cell,  180 

method  of  measuring  E.M.F., 
416 
Points,  density  of  charge  on,  88,  274 

discharge  at,  42,  45, 46,  47,  274, 
829 
Poisson,    magne-crystallic    action, 

878 
Polarity,  diamagnetlc,  869 

magnetic,  90,  116,  126 
Polarization  (electrolytic)  in  battery 
cells,  175,  487 

of  Voltameter,  487,  492 

remedies  for,  180 

rotation  of  plane  of,  626  et  seq. 
Polarized  mechanism,  887 

relay,  601 
Poles  of  magnets,  86, 184 

of  pyroelectrlc  crystals,  74 

of  voltaic  batterv,  168 
Polyphase  currents,  4b5 
Porous  cell,  180 
Porret's  phenomenon,  260 
Portable  electrometer,  287 
Portative  force,  114 


Post-Offlce  Bridge,  416 

relay,  601 
Positive  and  negative  electrification, 

5,827 
Potential,  electric,  40,  268 

"        zero,  40,  264 
of  conducting  sphere,  269 
galvanometers,  220 
magnetic,  887,  847,  848 

"        due  to  current,  861 
mutual,  of  two  circuits,  862, 
857 
Potential-divider  nul  method,  418 
Potentiometer,  416 
Pouillet,  Claude  S.  3f.,  sine  galvan- 
ometer, 214 
tangent  galvanometer,  212 
Powdered    metals,    conduction    of, 
400 
sensitiveness  to  sparks,  621 
Powders,  electroscoplc,  81,  47,  299, 

824 
Power,  486 

transmission  of,  447 
Power-houses,  440 
Poynting,  John  Henry,  on  energy- 
paths,  519 
Practical  units,  354 
Preece,  William  Henry,  telegraphy, 

497 
Pressure  produces  electrification,  76 
effect  on  electrolysis,  490 
(voltage),  169 
Priestley,  Joseph,  on  electric  ex- 
pansion, 800 
on  Influence,  26  {footnote) 
Prime  conductor,  42 
Printing  telegraphs,  497 
I'roof-plane,  82 

magnetic,  282 
Protoplasm,  electric  property  of,  266 
Pyroelectriclty,  74 
Pyrometer,  404 

Quadrant  electrometer  {Lord  Kel- 
vin's), 288 
electroscope  (Henley's),  17 
Quadruplex  telegrajihy,  508 
"Quantity"  arrangement  of  cells, 
etc.   192  407 
of  electricity,  unit  of,  21,  262, 
854 
Quartz  fibre,  299 
Quartz,  no  residual  charge  from,  299 

as  Insulator,  80,  299 
Quetelet,  E.,  on  atmospheric  elee 
tricity,  888,  886 


630 


ELECTRICITY  AND  MAGNETISM 


The  Numbers  refer  to  the  Numbered  Paragraphs. 


Quincke,     Oeorg^    on    diaphragm 
currents,  252 
on  electric  expansion,  800 
on   electro-optic   phenomena, 
525 
Quinine,  use  of,  for  mapping  fields, 
299 

Badiant  state  of  matter,  321 

Radio-micrometer,  425 

Kate  of  chanfire  of  current,  454,  472 
(footnote) 

Ratio    of   electrostatic    to    electro- 
magnet units,  288,  859 

Ray,  electric  (torpedo),  76 

Rays,  kathodic,  321 

current  balance,  896 

Bayleigh,    Lord^  determination   of 
ohm,  358 

Reactance,  473 

Reciprocal  accumulation,  49 

Recording  instruments,  160,  384 

Redistribution  of  charge,  39 

Reduction  of  metals,  494 

Reflecting  galvanometer,  215 

Reflexion  of  electric  waves,  520 

Refractive  index,  518 

Registedng  magnetographs  and  elec- 
trometers, 160,  834 

ReiSt  Philipp,    invention    of  tele- 
phone, 510 

Relays,  501 

Reluctance,  375 

Reluctivity,  375  (footnote) 

Remanence,  367 

Replenisher,  49,  287,  288 

Repulsion  and  attraction  of  electri- 
fied bodies,  2, 4, 22, 24, 74, 262 
and    attraction,    experiments 

on,  47 
and    attraction    of     currents, 

338,  389,  894 
and  attraction  of  magnets,  84, 
88 

Repulsion  electrometers,  286 

Residual  charge  of  Leyden  jar,  61, 
299 

Residual  charge  of  cable,  301 

"  of  Voltameter,  492 

magnetism,  112,  127,  367 

Resinous  electricity,  5 

Resistance  and  heat,  426 

Resistance,  80,  171,  400,  426 

affected  by  temperature,  404 
light,  529 
"  magnetism,  897 

"  sound,  512 


Resistance,  as  a  velocity,  857 

bridge  or  balance,  418 

coils,  414 

internal,  of  cell,  192,  407,  41T 

internal,  of  cell,  measurement 
of,  417 

laws  of,  400 

magnetic,  875 

measurement  of,  411  et  sea, 

of  gases,  171,  822 

of  glow  lamps,  452 

of  human  body,  255 

of  liquids,  171,408 

of  vacuum,  821 

'specific,  408 

to  alternate  currents,  476 

units  of,  352  et  sea. 
Resistivity,  402 
Resonance,  517 
Resonator,  520 

Resultant  magnetic  force,  115 
Retardation    of    currents    throuffh 

cables,  301,  328,  605 
Retentivity  (magnetic),  98,  867 
Return  shock  or  stroke,  29,  881 
Reversal  of  infiuence  machines,  58 
Reversibility  of  processes  in  circuit, 

248,436 
Reversing-switch,  230,  498 
Reymond,    Du   Bois,   his   galvan- 
ometer, 257 

on  animal  electricity,  257 

unpolarizable  electrodes,  257 
Rheostats,  400 
Rheometer,   ") 

Rheoscope,    ^  see  footnote  to  208 
Rheotrope,    J 

Eiess,  Peter,  on  electric  distribution, 
38 

on  length  of  spark,  318 

electric  thermometer,  317 
Ritchie,  magnetic  circuit,  375 

his  motor,  443 
Ritter,  Johann  Wilhelm,  on  action 
of  current  on  sight,  254 

his  secondary  pile,  492 

on  subjective  galvanic  sounds, 
254 

on  the  sensitive  plant,  256 
Rolling  friction,  12,  73 
Romagnosi,  Dr..  discovers  magnetic 

action  of  current,  195 
Romas,  De,  his  electric  kite,  329 
Ronalds.  Sir  Francis,  invented  a 

telegrajih,  497 
Rotation  of  plane    of  polarization, 
526 
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Velocity  of  discharge,  828 

©flight,  859,  518 

of  electric  waves,  618 

of  rubbing,  electrification  de- 
pends on,  78 

resistance  as  a,  857 
Verdet'8  constant,  526 
Vibration    produces  Electrification, 

67 
Vibrator  for  measuring  capacity,  418 
Villari,  EmUio,  effect  of  tension, 

864 
Violet  waves  (see  UUra-violet) 
Virtual  volts  and  amperes,  471 
Vitreous  electricity,  6 
Volt,  169,  854 

VoUa,    Alessandro,    his    Electro- 
phorus,  26 

Condensing  Electroscope,  79 

Contact  Series,  80 

Crown  of  Cups,  165 

on    Atmospheric    Electricity, 
884 

on  Contact  Electricity,  79, 168 

on  Electric  Expansion,  800 

on  Electrification  due  to  com- 
bustion, 70 

Subjective  Sounds  due  to  Cur- 
rent, 254 

Volta'8  Law,  80,  168, 170 

Voltaic  Pile,  164 
Voltaic    Electricity    (see     Current 
Electricity) 

&**c   443 

battery,  168,  178 ;  pile,  164 

cell,  simple,  166 
Voltameter,  242,  248,  244,  487 
Voltmeter,  220 

Cardew'8,  480 

electrostatic,  290 
Voss  machine,  51 


Walker,  Charles  V.,  used  sulphur 

in  cell,  185 
Warburg,  E.,  on  hysteresis,  868 
Water,  Electrolysis  of,  285,  487 
Water-dropping,  discharge  by,  334 
Watt,  the,  854,  485 
AVattmeter,  438 
Watts,  true  and  apparent,  475 


Waves,  electric,  616 
Weber,  the,  854 

Weber,  Wilhelm,  the  Electro-dyna- 
mometer, 894 
on  diamagnetic' polarity,  872 
evaluation  of  ohm,  858 
of  "r,"  859 
theory  of  magnetism,  126, 127 
Welding,  488 

Weston,  Edward,  voltmeter,  220 
standard  cell,  188 
temperature      coefficient      of 
alloys,  404 
Wheatstone,  Sir  Charles,  on  the 
brush  discharge,  819 
Automatic  Telegraph,  497 
Dynamo  -  electric      Machines, 

462 
on  supposed  velocity  of  elec- 
tricity, 828 
Wheatstone's  Bridge  or  Bal- 
ance, 41i8 
Whirls,  magnetic,  202,  889 
Wiedemann,   Gustav,  on  effiect  of 
magnetism  on  torsion,  124 
diamagnetism,  870  (footnote) 
Wilde,    Henry,    Magneto  -  electric 

Machine,  462 
WUcke,  A.,  electrophorus,  26  (foot- 
note) 
Wimshurst,  James,  Influence  ma- 
chine, 52 
Wind,  electric,  47,  824 
Winding  of  electromagnets,  876  et 
seq.,  885,   886  (and  see  p. 
596) 
Window,  aluminum,  821 
Wdhler'8  cell,  198 
Wollaston's  Battery,  180 
Work    by  conductor  cutting   lines, 

339 
Wroblewski,  resistance  of,  at   low 
temperatures,  404 

ZambqnTS  Dry  Pile,  16,  198,  291 

Zanoiti,  experiment  on  grass- 
hopper, 255 

Zero  potential,  40,  264 

Zero  of  temperature,  resistance  near, 
404 

Zinc  as  ftiel,  166 
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